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ABSTRACT
Incomplete efforts towards the total synthesis of the monoterpene glycosides
lactiflorin (2) and paeoniflorin (1) are described. Initial studies sought to access both the
[4.1.1] and [3.1.1] bicyclic aglycone frameworks (of 2 and 1 respectively) through
biosynthetically-inspired cationic ring contractions from a common [3.2.1] carbocationic
intermediate (22).
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Although syntheses of several [3.2.1] carbocationic precursors were successful,
efforts to induce ring contraction via carbocationic rearrangement were wholly
unsuccessful. Reasons for the ring contraction failures are discussed.
In addition, successful efforts to access the [3.1.1] carbocyclic skeleton of the
paeoniflorin (1) aglycone via a Wolff rearrangement ring contraction strategy are described.
The sequence utilizes a [3.2.1] model aglycone intermediate (57) common to the initial
cationic rearrangement studies, and consists of twenty steps from dione 44 to advanced
[3.1.1] intermediate 140.
Diels-Alder
strategy
0 0 TBM
11 steps
AA
Wolff
rearrangement
strategy
9 steps
me1
I lInflI
140
Final studies document attempts to utilize a protected glucose moiety as a chiral
auxiliary for an asymmetric synthesis of the aglycone portion of paeoniflorin (1). These
efforts (173 to 176 to 180) were met with mixed success, and are discussed in regards to
the mechanistic and experimental details.
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Chapter 1. Introduction
1.1 Background
Paeoniae Radix,I a crude herbal drug made from the root of the Chinese Paeony
(Paeonia albiflora Pallas), has been used for centuries in traditional Chinese medicine as a
muscle relaxant, analgesic salve, and sedative. Due to the interesting pharmacological
activity of the crude drug, efforts were begun in the early 1960's to characterize the
individual chemical components of Paeoniae Radix. As a result of these efforts, several
complex terpenoids featuring highly oxygenated frameworks have been identified from the
crude drug.2
The major terpene component, paeoniflorin (1, ca. 2% yield from the ground root),
was found to be a caged, highly oxygenated, pinene-like monoterpene glycoside. 3
Lactiflorin (2), a minor component identified correctly only in 1990, was shown to possess
a similar but slightly rearranged structure. 4 Other minor terpenoid components of the crude
drug include the monoterpene aglycones paeonisuffrone (3),5 paeoniflorigenone (4),6 and
the paeonilactones A (5), B (7), and C (6).7
1 (a) Kimura, M.; Kimwia, I.; Nojima, H.; Takashi, K.; Hayashi, T., Shimizu, M.; Morita, N. Jpn. J.
PharmacoL 1984, 35, 61 and references cited therein. (b) Hikino, H.; In Economic and Medicinal Plant
Research; Wagner H.; Hikino, H.; Farnsworth, N.R., Eds.; Academic Press, Inc.; London, 1985, p. 55.
2 (a) Hattori, M.; Shu, YZ; Shimizu, M.; Hayashi, T.; Morita, N.; Kobayashi, K.; Xu, GJ.; Nanba, T.
Chem. Pharm. Bull. 1985, 33, 3838. (b) Akao, T.; Shu, Y.Z.; Matsuda, Y.; Hattori, M.; Namba, T.;
Kobayashi, K. Chem. Pharn. Bull 1988, 36, 3043 and references therein. (c) Shibata, S.; Nakahara, M.
Chem. Pharm. Bull. 1963, 11, 372.
3 (a) Shibata, S.; Aimi, N.; Watanabe, M. Tetrahedron Lett. 1964, 1991. (b) Aimi, N.; Inaba, M.;
Watanabe, M.; Shibata, S. Tetrahedron Lett. 1969, 25, 1825. (c) Kaneda, M.; litaka, Y.; Shibata, S.
Tetrahedron 1972, 28, 4309.
4 Yu, J.; Elix, J.A.; Iskander, M.N. Phytochemistry, 1990, 29, 3859.
5 (a) Hatakeyama, S.; Kawamura, M.; Mukagi, Y.; Irie, H. Tetrahedron Lett 1995, 36, 267. (b)
Yoshikawa, M.; Harada, E.; Kawaguchi, A.; Yamahara, J.; Murakami, N.; Kitagawa, I. Chem. Pharm.
Bull. 1993, 41, 630.
6 (a) Shimizu, M.; Hayashi, T.; Morita, N.; Kimura, I.; Kimura, M.; Kiuchi, F.; Noguchi, H.; litaka, Y.;
Sankawa, U. Tetrahedron Lett. 1981, 22, 3069. (b) Shimizu, M.; Hayashi, T.; Morita, N.; Kiuchi, F.;
Noguchi, H.; litaka, Y.; Sankawa, U. Chem. Pharm. Bull. 1983, 31, 577
7 (a) Hayashi, T.; Shinbo, T.; Simizu, M.; Arisawa, M.; Morita, N.; Kimura, M.; Matsuda, S.; Kikuchi,
T. Tetrahedron Lett. 1985, 31, 3699. (b) Yoshikawa, M.; Harada, E.; Kawaguchi, A.; Yamahara, J.;
Murakami, N.; Kitagawa, I. Chem. PharnL Bull. 1993, 41, 630. (c) Hatakeyama, S.; Kawamura, M.;
Shimanuki, E.; Takano, S. Tetrahedron Lett. 1992, 33, 333. (d) Kadota, S.; Takeshita, M.; Makino, K.;
Kikuchi, T. Chem. Pharm. Bull, 1989, 37, 843. (e) Richardson, D.P.; Smith, T.E.; Lin, W.W.; Kiser,
C.N.; Mahon, B.R. Tetrahedron Lett. 1990, 31, 5973.
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Recent pharmacological studies on the crude drug have confirmed its activity as a
potent muscle relaxant and sedative,sa as well as identifying possible therapeutic potential
for treatment of the cognitive disruption associated with Alzheimer's disease.8b The
pharmacological activity of several of the individual terpenoid components, as well as some
secondary metabolites, have also been documented. Paeoniflorin (1), in particular, has
shown interesting activity as an anticoagulent, sedative, antiinflamatory agent and regulator
of neuromuscular activities.8a
The pharmacological activity of these Paeony-derived terpenoid natural products,
coupled with their novel and complex structures, makes them attractive targets for total
synthesis. As such, the early 1990's have seen a flurry of activity in the isolation,
characterization, and synthesis of various P. Radix terpenoids. Syntheses have recently
been published for the paeonilactones A-C (5-7, 1989, 1990),7d ,e paeoniflorigenone (4,
1992),6 paeoniflorin (1, 1993 and 1994),9 and paeonisuffrone (3, 1995). 5a
Paeoniflorin (1) and lactiflorin (2) are the two most interesting synthetic targets
isolated from Paeony Radix, presenting a daunting challenge to synthesis for several
8 (a) Aimi, N. Trad Sino-Japanese Med 1985, 6, 45 and references cited therein. (b) Fujiwara, M. Jpn. J.
Neuropsychopharmacol. 1990, 12, 217.
9 (a) Corey, EJ.; Wu, Y.-J. J. Am Chem. Soc. 1993, 115, 8871. (b) Hatakeyama, S.; Kawamura, M.;
Takano, S. J. Am. Chem. Soc. 1994,116, 4081.
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reasons. Both compounds feature a bridged cyclobutyl ring in the midst of a complex
polycyclic system consisting of both carbocyclic and oxacyclic rings. The strained
cyclobutyl rings are also surrounded by a high degree of stereocenter and functional group
density. Furthermore, synthetically challenging glucose linkages are present in both
compounds. Paeoniflorin (1) possesses a j3-glucose linkage at a hindered tertiary
bridgehead hydroxyl, while lactiflorin (2) possesses a novel strained f3-glucose acetal.
Hcj
Synthetic challenges
1 OH * Bridged cyclobutyl rings
OH • •  Caged polycyclic framework
H O * High stereocenter and functional group density
* Synthetically challenging j-glycoside linkages
2 BzO
1.2 Previous Syntheses
Due to the significant synthetic challenges posed by lactiflorin (2), as well as its
comparatively recent characterization, no synthetic studies have appeared to date.
Paeoniflorin (1), however, has enjoyed a good deal of recent synthetic activity. The first
published report towards the synthesis of paeoniflorin (1) surfaced in 1992 by Takano et
aL, who presented an incomplete route.to Shortly after, the first completed synthesis of
paeoniflorin (1) was published in 1993 by Corey et al.,9a followed by a successful second
attempt by Takano et al. in 1994.9b
Takano's initial incomplete synthetic approach to paeoniflorin (1) (Scheme 1)
proposed to build the caged polycyclic framework around a preformed cyclobutyl ring
(8).10 The key reaction was a high-yielding intramolecular attack of a cyclobutyl ketone by
an allylsilane in the presence of titanium(IV) chloride (Hosomi-Sakurai reaction, 9 to 10)
to efficiently form the [3.1.1] bicyclic core. Despite this successful cyclization, the
10 Hatakeyama, S.; Kawamura, M.; Shimanuki, E.; Saijo, K.; Takano, S. Synlett, 1992, 114.
10
requisite functionality for the Hosomi-Sakurai reaction necessitated a significant number of
subsequent functional group manipulations to access paeoniflorin (1), and the route was
not to reach fruition. No plans for the incorporation of glucose were discussed.
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Scheme 1: Takano's initial effort towards paeoniflorin (1).10
Corey et al. pursued a much different strategy in their first-ever total synthesis of
paeoniflorin (1).9a Their route (Scheme 2) involved the construction of paeoniflorin's
oxacyclic cage prior to the formation of the strained cyclobutyl ring. A Corey-developed
manganese (III) annulation reaction (11 to 12), and several functional group
interconversions, were used to construct the key intermediate 13 (as a racemic mixture).
Formation of the cycobutyl ring and completion of the paeoniflorin polycyclic core were
effected in excellent yield by a novel irreversible closure of an ac-chloronitrile on a ketone in
the presence of samarium(I) iodide (13 to 14).
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Scheme 2: Corey's synthesis of paeoniflorin (1).9a
Despite Corey's efficient synthesis of the aglycone portion of paeoniflorin (1), the
tertiary P3-glucose was introduced quite inefficiently. After much experimentation,
glycosylation of the hindered bridgehead alcohol was accomplished with a 1-
dimethylphosphite glucose derivative in the presence of zinc chloride and silver perchlorate,
according to the procedure developed by Watanabe et al 11 The reaction, carried out on the
racemic aglycone, proceeded with a complete lack of stereoselectivity at the anomeric
center, affording only 18% of the desired glycosylated diastereomer after separation.
Overall, Corey's synthesis is relatively short (only 15 steps) and features the rapid
introduction of the key stereocenters and strained polycyclic system. Drawbacks,
however, include two early poor-yielding steps, non-enantioselective synthesis of the
aglycone (necessitating a later resolution), and a non-stereoselective glycosylation reaction.
As such, there exists significant room for improvement.
Takano's second synthetic route to paeoniflorin (1) offered a still different approach
to the molecule (Scheme 3).9b In this most recent route, the cyclobutyl ring and most of
the polycyclic framework were constructed in a single reaction. The key reaction, an
intramolecular photochemical [2+2] cyclization of diene precursor 16, proceeded in
11 Watanabe, Y.; Nakamoto, C.; Ozaki, S. Synlett, 1993, 115.
12
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reasonable yield to afford the racemic caged intermediate (17). This racemic intermediate
was then resolved and carried through a number of reactions to afford the lactol-protected
paeoniflorin aglycone (18). Significantly, the tertiary P3-glucose linkage was introduced
with complete stereoselectivity through a modification of Schmidt's trichloroacetimidate
(19) methodology12 (a large excess of BF3 *Et20O was used) to afford a 67% yield of the
desired glycoside after deprotection.
Me
hv (350 nm)
CO2Me hexane
64% yield
racemic 17
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13 steps
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1611 steps Nj
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OCOoBn
Scheme 3: Takano's second route to paeoniflorin (1).9b
Overall, Takano's route is quite lengthy (albeit relatively high yielding), requiring
26 total steps and many functional group manipulations both before and after the key [2+2]
cyclization. Also, the non-enantioselective synthesis of the key polycyclic intermediate
(17) again requires a resolution well into the synthesis. Importantly, however, efficient
glycosylation of the hindered tertiary alcohol (18) was achieved, and in this respect, their
synthesis complements Corey's synthesis nicely.
As is evident from the above discussion, despite two successful published
syntheses of paeoniflorin (1),9ab there still exists significant room for improvement. Most
notably, neither synthesis takes advantage of the inherent chirality of the glucose moiety in
12 (a) Schmidt, R.R. Pure AppL Chem. 1989, 61, 1257. (b) Schmidt, R.R.; Michel, J. Tetrahedron Lett.
1984, 25, 821.
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designing an enantioselective synthesis. Instead, both employ racemic syntheses and must
resort to inefficient resolutions well into the sequences. In addition, the co-occurring and
structurally related monoterpene lactiflorin (2) remains unsynthesized. The structural
similarities between lactiflorin (2) and paeoniflorin (1) suggest a possible convergent route
to access both compounds.
Chapter 2: Cationic Rearrangements
2.1 Introduction
Paeoniflorin (1) features the complete carbocyclic framework of pinene (20) and
likely arises biosynthetically via enzymatic oxidation and glycosylation of the pinene
skeleton. The immediate biosynthetic origins of the co-occurring monoterpene lactiflorin
(2), however, are less apparent. Structural similarities to paeoniflorin (1) suggest that
lactiflorin (2) may arise via rearrangement of the paeoniflorin carbocyclic framework.
OBz OH
enzymatic 9 H 10
0oxidation OH
OH BzO
20 pinene 1 paeoniflorin 2 lactiflorin
As a brief post-script to the structural elucidation of lactiflorin (2) in 1990,4
Iskander postulated a biosynthetic pathway from paeoniflorin (1) to lactiflorin (2).
Represented below in a stepwise mechanism (Scheme 4), the proposed pathway involves
acid induced oxacyclic ring-opening of paeoniflorin (1 to 21) followed by two successive
cationic 1,2-carbon shifts (21 to 22 to 23) and termination via closure of the 2' glucose
hydroxyl to form lactiflorin (2).
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Scheme 4: Iskander et al. proposed biosynthesis of lactiflorin (2).
The proposed 1,2-shifts of cations 21 and 22 exhibit acceptable stereoelectronic
orientations of the migrating bonds, and the rearrangement of cation 22 also benefits from
stabilization by the tertiary bridgehead glycoside oxygen. The degree of concertedness of
the migrations, however, was not discussed in the paper, nor were issues of
thermodynamic viability of the two 1,2-shifts or any experimental evidence to support the
proposed rearrangement sequence.
Upon inspection, the dual carbon shift hypothesis proposed by Iskander et al.
appeared to us as relatively reasonable. Particularly intriguing to us was the proposed
[3.2.1] bicyclic intermediate 22, which resides within a single 1,2-carbon shift of both the
lactiflorin (2) and paeoniflorin (1) carbocyclic frameworks. It followed that through
synthesis of carbocation 22, either lactiflorin (2) or paeoniflorin (1) might be accessed by
the two respective "biomimetic" 1,2-shifts shown in Scheme 5 (migrating bonds
highlighted).
I
proposed
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[1,2-shift . [1,2]-shift
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OH P
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0
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Scheme 5: Our proposed "common intermediate" route to both I and 2.
There were, however, looming questions concerning selectivity and thermodynamic
viability of the proposed ring contractions. Ideally, we would want to be able to control the
path of the cationic rearrangements to access either of the desired products from the
common intermediate (22). Also, although both rearrangements appear stereoelectronically
feasible, the energy requirement of four-membered ring formation was a concern.
Cationic rearrangement from a [3.2.1] bicyclic framework to the strained [3.1.1]
and [4.1.1] frameworks of 1 and 2, respectively, would likely require a significant energy
of activation. Biosynthetically, the corresponding rearrangements would likely occur under
enzymatic catalysis (possibly in a concerted manner), significantly lowering the activation
barrier. Without enzymatic assistance, however, the energy barrier may be quite
significant. If the energetic barriers for the desired ring contractions were too high relative
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to other pathways, competing rearrangements could present a problem. Despite these
concerns, the prospect of conveniently synthesizing both complex natural products from a
common intermediate was enticing enough to merit further investigation.
2.2 General Retrosynthetic Strategy
Our initial problem centered on finding ways to access desired common
carbocationic intermediate 22. The chemical literature is rich with synthetic routes to
[3.2.1] bicyclic carbon skeletons,13 however, our highly functionalized target intermediate
(22) possesses several unique requirements not met by these published routes.
One specific requirement of our route deals with the flexibility of the functionality
needed on the two-carbon bridge of the immediate precursors to carbocation intermediate
22. To access 22, our synthesis requires an ionizable functionality (preferably endo) at the
tertiary position destined to become the carbocation, and an endo secondary oxygen
substituent on the two-carbon bridge to form an ether linkage with the 3=-carbon of the
enone. These functionalities could conceivably be accessed through either of two endo
epoxides (26 or 27), as well as endo diol derivative (28).
22 O
O,
Scheme 6: Possible precursors of common intermediate 22.
13 Filipini, M.-H.; Favre, R.; Rodriguez, J. J. Org. Chem. 1995, 60, 6872, and references cited therein.
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All of these desired functionalities (26 to 28) could, in turn, arise via endo selective
oxidation from two precursors, allylic alcohols 29 and 30. (Although direct endo
oxygenation on bicyclic systems is known to be sterically disfavored, there are several
indirect methods of accomplishing the same task.) A single synthetic route which allows
access to each of the above mentioned carbocation precursors (26 to 28) would be optimal.
A second specific requirement for our route involves the synthetically challenging
tertiary f-glucose linkage present in our proposed [3.2.1] intermediates and its resulting
stereochemical implications. Typically, sterically hindered tertiary glucose linkages are not
accessible in good yields via direct glycosylation of the corresponding tertiary alcohols.9a
Although Takano has demonstrated an effective method for stereoselective f3-glycosylation
of the paeoniflorin aglycone (18 to 31),9b prospects for the successful tertiary alcohol
glycosylation of our [3.2.1] intermediates (32 to 33) remained uncertain.
u0z
S Takano's
O 0 Schmidt-type
HO O glycosylation
67%
18 OCO2Bn ref. 9b 31 OC02Bn
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The proposed allylic alcohol intermediates (29 and 30) essentially consist of two
separate chiral entities, the glucose and aglycone moieties, connected by a f-glucose ether
linkage. Whether the glucose moiety is present during the construction of the aglycone or
added to the pre-formed [3.2.1] aglycone (32 to 33), the presence of a defined glucose
chirality necessitates a plan for asymmetric construction of the aglycone of 33. Since
several chiral glucose donor derivatives (34) are readily available,14 our ideal strategy
14 Toshima, K.; Tatsuta, K. Chem. Rev. 1993, 93, 1503.
would be to make the most efficient use of this preexisting chirality in the enantioselective
synthesis of the aglycone portion of 33. The use of the glucose moiety as a chiral auxiliary
in an asymmetric synthesis of 33 would achieve the desired level of efficiency (Scheme 7).
diastereoselectiveOR OR reaction
0 JaglyconeO X --. R -precursor-- R
OR OR
34 33 0
Scheme 7: Use of glucose as a chiral auxiliary.
There is much literature precedence for the use of protected glucose derivatives as
chiral auxiliaries in a variety of asymmetric reactions, including the Diels-Alder
cycloaddition, Simmons-Smith cyclopropanation, and many others.15 The Diels-Alder
reaction represents an especially attractive option for the construction of [3.2.1]
intermediate glycoside 33 (Scheme 8), since it remains one of the best synthetic methods
for the construction of bicyclic systems.
Thus, using the Diels-Alder reaction as a transform goal concurrent with the
secondary goal of utilizing the glucose moiety as a chiral auxiliary, we can apply
retrosynthetic analysis 16 to [3.2.1] intermediate glycoside 33 (Scheme 8). Retrosynthetic
ring contraction of 33 to the [2.2.1] ring system of 35 and functional group
interconversion sets up a Diels-Alder retron (36) with the correct functional group
placement for a Diels-Alder disconnection (to 37 and 38) with a clear regiochemical
outcome.
15 (a) Kunz, H.; Muller, B.; Schanzenbach, D. Angew. Chem. Int. Ed Engl. 1987, 26, 267. (b) Charette,
A.B.; Cote, B.; Marcoux, J.-F. J. Am. Chem. Soc. 1991, 8166. (c) Reissig, H.-U. Angew. Chem. Int.
Ed. Engl. 1992, 31, 288. (d) Kunz, H.; Pfrengle, W. J. Am. Chem. Soc. 1988, 110, 651 and references
cited therein. (e) Gupta, R.C.; Slawin, A.; Stoodley, RJ.; Williams, DJ. J. Chem. Soc. Chem. Commun.
1986, 1116.16 For a general overview of retrosynthetic analysis see: Corey, EJ.; Cheng, X.-M. The Logic of
Chemical Synthesis, Wiley and Sons: New York, 1989.
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Scheme 8: Retrosynthetic analysis of [3.2.1] intermediate glycoside 33
The Diels-Alder disconnection of 36 would be especially powerful in this case,
since it not only allows the possibility of an enantioselective synthesis using glucose as a
chiral auxiliary, but also clears both of the two crucial bridgehead stereocenters of the
bicyclic system in a single reaction. These two stereocenters can then theoretically control
the introduction of the remaining aglycone stereocenters of lactiflorin (2) and paeoniflorin
(1).
By utilizing glycosylated diene 38, this Diels-Alder strategy (Scheme 8) also
addresses the problem of introducing the hindered bridgehead glucose linkage.
Furthermore, this synthetic plan satisfies our need for functional group flexibility, since
careful choice of the dienophile (37) may allow a wide range of functionalities on the two
carbon bridge of our [3.2.1] intermediates for use in the rearrangement studies.
1PtnO
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2.3 Aglvcone Model Study
Despite the intriguing possibility of utilizing the glucose moiety as a chiral auxiliary
to access an enantioselective synthesis of our proposed [3.2.1] glycosidic intermediates
(33), we chose initially to pursue a model study without the glucose. Our reasoning was
that the chiral glucose moiety would likely complicate the initial steps of our route, namely
the formation of the diene and the Diels-Alder reaction, creating a bottleneck for the
advancement of material through the sequence. We hoped the simpler model aglycone
compounds would allow us speedy progress in assessing the validity of our proposed route
to the [3.2.1] ring system, after which we would return to the original plan of glucose
incorporation.
Our initial retrosynthetic plan for model [3.2.1] allylic alcohol (39) (Scheme 9) was
based on the general retrosynthetic strategy discussed earlier for the glycosylated
compounds, utilizing the Diels-Alder reaction as a transform-goal. Initial application of a
ring contraction transform to the [2.2.1] framework (39 to 40), followed by a functional
group interconversion, provides a complete retron (41) for the powerful Diels-Alder
disconnection. Application of the disconnection affords a diene (42) and dienophile (43)
with complementary electronic properties for a clear regiochemical outcome. Diene 42 can
then be further simplified to the commercially available 2-methyl-1,3-cyclopentanedione
(44).
contractiontransform
L
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41uUIE)( ILTI~
SDiels-Alder
IG transform
o o 43 0 RO ?)r OTBS
44 42
Scheme 9: Our initial retrosynthetic plan.
Unfortunately however, we encountered several difficulties in the synthetic
implementation of the original plan. 1,2-reduction of unsaturated ester 41 to the
corresponding allylic alcohol 40 proved extremely inefficient under a variety of conditions,
while additional functional group incompatibility problems were encountered in ring
expansion of the enol ether functionality of 40. Thus, we were forced to slightly alter the
initial retrosynthetic plan, however, still maintaining the same general retrosynthetic
themes.
The amended retrosynthetic plan (Scheme 10) involves retrosynthetic simplification
of the two-carbon bridge prior to application of the ring contraction transform in order to
avoid the functional group incompatibility problems. Thus, initial retrosynthetic
simplification of the two-carbon bridge via functional group interchange (39 to 45)
removes interfering functionality to facilitate the ring contraction transform. Although an
additional stereocenter is introduced on the two carbon bridge of 45, it is potentially
clearable by exploitation of the strong facial steric bias of small bridged bicyclic systems.
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Scheme 10: Amended retrosynthetic plan.
Application of the ring contraction transform to 45 generates the [2.2.1] ring
system (46), which serves as a retron for the powerfully simplifying Diels-Alder transform
to 42. The requisite diene (42) can then be simplified to commercially available 2-methyl-
1,3-cyclopentanedione (44).
After considerable experimentation, the following route to [3.2.1] allylic alcohol 59
was eventually implemented, utilizing the retrosynthetic strategy outlined in Scheme 10:
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Scheme 11: Synthesis of allylic alcohol 59.
2.4 Model Diels-Alder Route to 1r22.11 Endo Ester 49
The first issue we addressed for our model route was finding a convenient
substitute for glucose in the synthesis of our model diene (42). Since our proposed model
cyclopentadiene (42) from Scheme 10 already contained one tert-butyldimethylsilyl (TBS)
group, we felt the simplest course would be to utilize a second TBS group in place of
glucose (as in 47). Both TBS groups of bis(TBS) model diene 47 could conceivably be
introduced in a single reaction.
RO OTBS
42
TBSO S OTBS
47
TBI Cs 2CO3
THF
23 0C
82%.I,-~& ~ )2t•l -\
aq. HF
CH3CN
CH2CI20oC
93%
MCPBA
aq. NaHCO 3
CH2C12
23 oC
exo: 58%
endo: 22%
TB&
0
58a
Et2AITMP
toluene
-10 OC
59%
In practice, we found the bis(TBS) diene (47) to be our model diene of choice.
Diene 47 is formed in a single-pot procedure by treatment of 2-methyl-cyclopentanedione
(44) with two equivalents of tert-butyldimethylsilyl trifluoromethanesulfonate (TBSOTf)
and excess triethylamine in tetrahydrofuran. The reaction is exceptionally clean and affords
moisture-sensitive diene 47 in approximately quantitative yield after workup with aqueous
sodium bicarbonate. The crude diene is not purified further, however, since hydrolysis to
the starting dione (44) occurs readily upon exposure to silica gel.
excess Et3N TE OTBS
O 0 2 equiv.TBSOTf TBso OTB
THF, -78 OC to 0 oC
44 47
ca. quantitative
The mechanism for formation of bis(TBS) diene 47 deserves some comment
(Scheme 12). Based on proton NMR, dione 44 exists preferentially in enol form (60) in
solution. Thus, the first TBS group will likely be introduced at the enolized oxygen to
form vinylogous TBS ester 61. This vinylogous TBS ester (61) can enolize a second time
via abstraction of a proton situated either alpha or gamma to the carbonyl to form two
distinct enol structures (62 and 63, respectively). Once the second TBS group is
incorporated, however, both forms become equivalent, and a single bis-TBS diene isomer
(47) is obtained. No isomerization of diene 47 via [1,51-hydride migration is observed.
Et3N
TBSOTf
0 0 - HO 0 _.TBSO 0
44 60 61
Et3N
TBSOTf
TBSO OTBS TBSO OM TBSO M
47 62 63
Scheme 12: Mechanism for formation of bis(TBS) diene 47.
Treatment of the crude bis(TBS) diene (47) with methyl acrylate (64) in toluene at
room temperature affords smooth conversion over several hours (although difficult to
follow by thin-layer chromatography due to facile diene hydrolysis on silica gel) to two
diastereomeric methyl esters, 49 and 65, in an 82% combined yield from dione 44. The
esters are inseparable by column chromatography; however, proton NMR reveals a 2.3:1
ratio of endo and exo diastereomers 49 and 65, respectively. The reaction proceeds with
complete regioselectivity due to the highly complementary electronic nature of both the
diene and dienophile.
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Although the overall yield of the Diels-Alder reaction is excellent, the relatively low
endo/exo ratio was somewhat unacceptable. Only the endo isomer (49) is viable for our
current route due to the planned use of an endo primary alcohol functionality as a latent
ketone protecting group during the ring expansion sequence (Scheme 11). The importance
of achieving high efficiency for the beginning steps of our synthetic route prompted our
consideration of several methods to increase the proportion of our desired endo ester (49).
It is possible that the use of a Lewis acid in the Diels-Alder reaction of diene 47 and
methyl acrylate (64) would increase the amount of desired endo ester 49 (corresponding to
an endo-oriented Diels-Alder transition state). The sensitivity and highly electron-rich
nature of our diene (47), however, precluded the use of harsh Lewis acids to increase
Diels-Alder endo selectivity.
Another conceivable tactic would be to exploit the significant steric differences
between the endo and exo faces of small bridged bicyclic systems. It was reasoned that
deprotonation of the ester mixture (49 and 65), followed by kinetically controlled
protonation from the more accessible exo face of the enolate (66) would convert the initial
mixture of esters isomers to the desired endo stereochemistry of 49 (Scheme 13).
Unfortunately, clean deprotonation of the ester mixture was unsuccessful under several
conditions (lithium diisopropylamide, lithium bis(trimethylsilyl)amide) due to competing
condensation side reactions.
0
o M 0 kinetic
DA or LiHMDS Iprotonation
--- K------- TBSo-HF i Me~o OTB1
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Scheme 13: Initial plan to exploit the endo facial bias of the [2.2.1] system.
Nevertheless, we felt we could still take advantage of the endo/exo facial bias of the
[2.2.1] system via conjugate addition of hydride to an unsaturated [2.2.1] ester derivative
of 49 and 65, followed by the expected kinetic endo protonation of the intermediate enolate
(66). The unsaturated ester could conceivably be accessed through the use of methyl
propiolate instead of methyl acrylate as the dienophile.
In practice, the desired [2.2.1] unsaturated ester (48) was formed by reaction of the
crude diene (47) with methyl propiolate (43) in toluene at room temperature. The reaction
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proceeds over a few hours, however, monitoring the progress is difficult by thin-layer
chromatography due to diene sensitivity. A single racemic Diels-Alder adduct is isolated in
93% yield from dione 44, and was characterized as the desired unsaturated [2.2.1] ester
48.
MeO O
TBSO OTBS _..0 / toluene
OMo 23 OC
47 43 93% from dione 44 48 OTBS
Unsaturated ester 48 is then converted to the desired endo saturated ester 49 by
treatment with excess sodium borohydride in methanol at room temperature over several
hours. The reaction affords the endo isomer (49) exclusively in 93% yield, revealing the
expected strong bias of the [2.2.1] enolate intermediate (66) to exo protonation. Relatively
mild conditions are sufficient to effect conjugate addition into unsaturated ester 48, due to
the relatively large amount of ring strain of the norbornadiene system and the resulting
increase in double bond nucleophilicity.
MoO 0 [ Moo "I
TBO NaBH 4  TBSO-
TBSO MeOH, 25 OC TB1 _1 B-
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48 66 49
In summary, through synthesis of saturated endo ester 49, we have successfully
introduced the two key bridgehead stereocenters of the bicyclic system, as well as the
necessary endo functionality on the upper two-carbon bridge, thus setting the stage for ring
expansion of the [2.2.1] enol ether to the desired [3.2.1] enone framework.
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2.5 Ring Expansion to r3.2.11 Enone 56
The expansion of the two-carbon enol ether bridge to the three-carbon enone could
conceivably be carried out by several synthetic schemes. Our initial ring expansion plan
(Scheme 13) involved a three-step route developed by Saegusa et al.17 in which the enol
ether of 49 was to be cyclopropanated (67) and oxidatively opened to generate the ring
expanded enone (56).
carbene
yclopropanat
TB! FeCI3  TB!
-- ,,
Scheme 13: Initial ring expansion plan.
Unfortunately, cyclopropanation of enol ether 49 could not be induced under
several carbene generating conditions, including Simmons-Smith procedure,lsa sodium
trichloroacetate,18b diethylzinc/iodoform,R18 and phenyl(trihalomethyl)mercury. 19 The
problem may lie in the sterically hindered nature of our enol ether double bond. The endo
face of norbornene systems is known to be relatively unreactive to carbenes due to steric
hindrance from the relatively pinched two-carbon bridges. In our [2.2.1] system (49), the
traditionally more accessible exo face of the double bond experiences significant steric
hindrance from both the tertiary and enol ether TBS groups.
After several unsuccessful attempts, the cyclopropyl ring expansion strategy was
abandoned in favor of a slightly longer sequence (Scheme 14) involving oxidative cleavage
of the enol ether (49 to 52), followed by a Horner-Wadswoth-Emmons-type cyclization of
17 (a) Mural, S.; Tomoyuki, A.; Sonoda, N. J. Org. Chem. 1973, 38, 4354. (b) Ito, Y.; Fujii, S.;
Saegusa, T. J. Org. Chem. 1976, 41, 2073.
18 (a) Murai, S.; Tomoyuki, A.; Sonoda, N. J. Org. Chem. 1973, 38, 4354. (b) Stork, G.; Macdonald,
TL. J. Am. Chem. Soc. 1975, 97, 1264. (c) Ryu, I.; Murai, S.; Sonoda, N. Tetrahedron Lett. 1977, 52,
4611.
19 Seyferth, D. Acc. Chem. Res. 1972, 5, 65.
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J3-keto phosphonate 54 to the desired [3.2.1] ring system (56). Crucial to the success of
this plan was the use of the primary endo alcohol as a latent protecting group for an
intermediate methyl ketone (52), preventing problems with incompatible functional groups
experienced in the initial plan (Scheme 9).
0%
MeO
I
49 52 54 Po(UMe) 2  56 U
Scheme 14: Horner-Wadsworth-Emmons-type ring expansion strategy.
In practice, the desired primary alcohol 50 was obtained in 94% yield from endo
methyl ester 49 by treatment with lithium triethylborohydride in tetrahydrofuran at -78 OC,
followed by warming to 0 OC. The more commonly used reductants, diisobutylaluminum
hydride and lithium aluminum hydride, were not employed due to their propensity for
cleaving the TBS enol ether.
LiEt 3BH
THF, -78 OC to 00C
Oxidative cleavage of silyl enol ether 50 was effected by treatment with ozone at
-78 OC in 1/1 dichloromethane/methanol, followed by addition of excess triethylamine and
dimethyl sulfide, and warming to room temperature.20 Two somewhat sensitive carboxylic
acid isomers (51), inseparable by chromatography, were obtained, however no specific
assignments of lactol stereochemistry were made, as the crude acids were carried directly to
the next step. In the absence of triethylamine, the reaction affords a mixture of the
20 Clark, R.D.; Heathcock, C.H. J. Org. Chem. 1976, 41, 1396.
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carboxylic acid isomers (51) and corresponding TBS esters. Triethylamine was initially
added to prevent hydrolysis of the expected TBS ester product, however, under these
conditions, the acid isomers (51) were obtained as the sole product. This result
necessitated an additional step for esterification of the carboxylic acid functionality.
U I b
03, -78 OC
CH2C12/CH30H
then Et3N, Me2S
-78 to 23 OC
Mel, K2C03
DMF, 23 OC
MeO
52a,b
HO
78% yield from 50
(3.5:1 lactol ratio)
Esterification of the crude acid products (51) was accomplished by treatment with
methyl iodide and potassium carbonate in N,N-dimethylformamide. The reaction proceeds
smoothly, and two ester-lactol diastereomers, 52a and 52b (3.5:1, separable by
chromatography), are obtained in a combined 78% yield from 50. Proton NMR indicates
that the two ester products (52a,b) exist completely in lactol form. The same esterification
transformation can be carried out in comparable yield with diazomethane, however the
hazards associated with the large scale preparation of this alkylating agent discouraged its
use.
The j3-keto phosphonate (53) was formed by addition of the separated ester-lactol
diastereomers (52a and 52b) to an excess of dimethyl (lithiomethyl)phosphonate 2t in
tetrahydrofuran at -78 oC. Both ester diastereomers react rapidly at -78 OC to give a near
quantitative yield of the desired product (53).
,,
TB LCH2 (OMe) 2  TBSOOH OH
THF, -78 oC O
MeO 98% from minor lactol PO(OMe) 2
52a,b 95% from major lactol 53
21 Corey, EJ.; Kwiatowski, G.T. J. Am. Chem. Soc. 1966, 88, 5654.
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Both ester diastereomers (52a,b) independently give rise to the same
diastereomerically pure phosphonate-lactol isomer (53). Evidently, the lactol undergoes
rapid thermodynamic equilibration under the basic conditions employed in the reaction.
Nevertheless, the lactol functionality of 52a,b serves nicely as a protected form of the
methyl ketone during the addition reaction. By contrast, in the presence of both the free
methyl ketone and the methyl ester (68), the lithiated phosphonate reagent preferentially
attacks the ketone (Scheme 15).
,vv,^
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O LiCH2P(OMe)2  nonselective attack
THF, -78 OC favoring methyl ketone
OMe
68
Scheme 15: Non-selective addition to unprotected ester-ketone 68.
Given the observed rapid equilibration of the lactol isomers of 52 under basic
conditions at -78 OC, it was hoped that the lactol functionality of 13-keto phosphonate 53
would exist sufficiently in the open form (69) under warmer temperatures to allow ring
closure on the free methyl ketone. Unfortunately, treatment of phosphonate-lactol 53 with
a variety of standard ring closing conditions (sodium hydride/1,2-dimethoxyethane, cesium
carbonate/tetrahydrofuran, potassium carbonate/1i 8-crown-6/toluene) generated none of the
desired enone product (56).
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It is probable that if any equilibrium exists between the open and closed forms of
the lactol (53,69) under these conditions, the rate is exceedingly fast relative to rate of
closure to the enone (56), and the equilibrium likely lies almost entirely in the closed lactol
form (53). This behavior would be consistent with the rapid lactol equilibration of esters
52a and 52b in the previous reaction, as well as the failure to observe any enone product
(56) from reactions with lactol 53.
At this point we resigned ourselves to alteration of the lactol functionality of 53
prior to closure to the enone. Since our synthetic plan eventually calls for functionalization
of the primary endo alcohol of 53/69 as the phenyl selenide (70), we felt it might be
prudent to form the primary selenide directly from the lactol (53). Unfortunately, exposure
of lactol 53 to standard selenating conditions (2-nitrophenyl selenocyanate, tri-n-
butylphosphine)2 2 generated a complex mixture of products. The more indirect method of
selenation (via an intermediate activated alcohol)23 also failed, as attempted formation of the
intermediate primary tosylate 72 from the lactol (methanesulfonyl chloride, pyridine,
dichloromethane) afforded none of the desired product.
ern
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The lactol was finally opened by treatment of 53 with tert-butyldimethylsilyl
chloride and imidazole in N,N-dimethylformamide over five days, affording a 93% yield of
endo primary TBS ether-ketone 54. No TBS protection of the tertiary lactol hydroxyl of
53 was observed.
22 Grieco, P.A.; Gilman, S.; Nishizawa, M. J. Org. Chem. 1976, 41, 1485.
23 Sharpless, K.B.; Young, M.W. J. Org. Chem. 1975, 40, 947.
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Having revealed the methyl ketone, Horner-Wadsworth-Emmons-type closure of
phosphonate 54 to the [3.2.1] bicyclic enone 55 was effected by treatment with cesium
carbonate in tetrahydrofuran for five days. Although fairly slow, the reaction proceeds
smoothly to the desired enone 55 in 82% yield. Lower yields were obtained with sodium
hydride in 1,2-dimethoxyethane.
TBSO Cs2CO3
•0  THF, 23 OCO0
,PO(OMe)2 82% OPO(O e) 2
54
Although protection of the lactol functionality of 53 as the primary TBS ether (54)
allows ring closure to the [3.2.1] system, it necessitates a subsequent deprotection for
further elaboration of the molecule. Deprotection is accomplished by treatment of primary
TBS ether 54 with aqueous hydrofluoric acid in acetonitrile/dichloromethane at -17 OC.
TBS cleavage proceeds smoothly over two hours to afford a 93% yield of desired primary
alcohol 56.
~h·l
IT;
TBSO
+ aq. HF
TBSO CH2C12, CH3CN
-17 OC
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55 93% 6%
A noticeable side reaction during the deprotection of primary TBS ether 55 is the
cyclization of the primary alcohol of the product alcohol 56 into the 3-carbon of the enone
to afford polycyclic ether 73 (6%). This undesired reaction occurs only slowly under the
above reaction conditions. However, formation of 73 is quite rapid under basic or more
strongly acidic conditions. Alternative desilylating conditions utilizing tetrabutylammonium
fluoride in tetrahydrofuran remove both the primary and tertiary TBS groups of 55 with
poor selectivity.
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2.6 Introduction of Unsaturation to the Two-Carbon Bridge
The final phase in our synthesis of allylic alcohol 59 involves the introduction of
unsaturation to the two-carbon bridge of the [3.2.1] system. Our plan (Scheme 16)
requires elimination of the primary alcohol (56) to the terminal olefin (57), selective
epoxidation and elimination of the epoxide (58) to the allylic alcohol (59).
n U
56 57 58
Scheme 16: Proposed plan for introduction of unsaturation.
The most commonly used literature methods for elimination of primary alcohols is
initial conversion to the selenide, followed by oxidation to the selenoxide, which then
undergoes a retro-ene cycloreversion to the olefin.22 Although this procedure is commonly
carried out in two steps, we found it more convenient and equally effective to perform both
operations in a single reaction vessel.
Thus, treatment of primary alcohol 56 with 2-nitrophenyl selenocyanate and tri-n-
butylphosphine in freshly distilled pyridine for several hours at room temperature afforded
smooth conversion to the corresponding selenide (70). The selenide was then oxidized in
situ to the selenoxide by addition of excess 30% aqueous hydrogen peroxide and
tetrahydrofuran to the original reaction vessel. Oxidation was complete within one hour,
after which the selenoxide underwent a slower retro-ene inversion in situ to afford the
desired olefin (57) in 85% yield from alcohol 56. The yield proved to be somewhat
variable, however, (60-85%) depending on the quality of the reagents used.
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Epoxidation of the olefin (57) was carried out by treatment with 80% 3-
chloroperoxybenzoic acid (MCPBA) in dichloromethane buffered with 5% aqueous sodium
bicarbonate. The reaction proceeds slowly over several hours to afford a mixture of two
diastereomeric epoxides (58a and 58b, 2.6:1) in a 80% combined yield. No epoxidation
of the less nucleophilic enone double bond is observed. Although no nOe studies have
been performed on the two epoxide diastereomers, relatively confident assignment of the
major isomer as the exo epoxide (58a) was made, based on the greater steric accessibility
of the exo face of bicyclo[3.2.1]octenone systems, and the confirmed exo selectivity in
subsequent reactions on a similar system (84).
MCPBA
CH2Cl 2, NaHCO3
23 OC
57 (tentative stereochemical 58a 58b
assignments)
58% 22%
There are several known literature procedures for effecting the elimination of an
epoxide to the corresponding allylic alcohol. The most commonly used include
diethylaluminum tetramethylpiperidide (DATMP, 74)24 and methylmagnesium
isopropylcyclohexylamide (MICA, 75).25 Both possess a Lewis-acidic metal for
24 Yasuda, A.; Yamamoto, H.; Nozaki, H. Bull. Chem. Soc. Jpn. 1979, 52, 1705.
25 Mosset, P.; Manna, S.; Viala, J.; Falck, J.R. Tetrahedron Lett. 1986, 27, 299.
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coordination to the epoxide oxygen, and a Lewis-basic nitrogen atom to assist in proton
abstraction alpha to the epoxide (Scheme 17).
R2MeMg " N XNM N
H~S
75
Scheme 17: Reagents for epoxide elimination.
DATMP (74) was chosen for elimination of our highly functionalized epoxides
(58a and 58b) due to its reputation for exceptional mildness. The DATMP reagent is
commonly formed in situ by combining equimolar amounts of diethylaluminum chloride
and the lithiated anion of 2,2,6,6-tetramethylpiperidine (LiTMP) in toluene at 0 OC.24 For
our purposes, however, we found the presence of a slight excess of LiTMP and a lower
temperature improved the efficiency of our desired rearrangement.
Addition of the basic DATMP/LiTMP solution (3.5 equivalents) to the major
epoxide (exo 58a) in toluene at -18 oC, and subsequent warming to -10 oC afforded the
desired allylic alcohol 59 (59%) and a small amount of an isomeric compound
characterized as enol ether 76 (6%). Treatment of the minor epoxide (tentatively endo
58b) with the same reagent at room temperature afforded slow conversion over six hours
to a significantly lower yield of desired alcohol 59 (12%), and an increased yield of enol
ether 76 (34%).
DATMP
toluene
-18 to -10 OC
OH
TBSO)
O~ --
59 70
from major epoxide (exo) 58a: 59% 6%
from minor epoxide (endo) 58b: 12% 34%
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The use of higher temperatures as well as the failure to use an excess of LiTMP
resulted in a greatly increased formation of undesired enol ether 76 relative to allylic
alcohol 59. Use of MICA (75, formed by combining methylmagnesium bromide with the
lithium anion of N-isopropylcyclohexylamine in toluene 25) under standard conditions
afforded lower yields of the desired allylic alcohol for both epoxide isomers.
The formation of isomeric enol ether 76 in the elimination reactions of epoxides
58a and 58b deserves some discussion, since it was to have quite significant implications
for our planned ring contractions. The proposed structure of enol ether 76, isomeric to
desired allylic alcohol 59, was postulated to arise from a skeletal rearrangement of the
starting epoxide isomers (58a,b). Shown in a stepwise manner (Scheme 18), our
proposed mechanism involves the Lewis-acid induced formation of a tertiary carbocation
(77) from opening of the epoxide (58), followed by a 1,2-migration of the f3-enone carbon
to generate an oxygen stabilized carbocation (78) with an isomeric [3.2.1] framework.
Base induced elimination of a methylene proton to form the TBS enol ether (76) completes
the rearrangement.
A . - ri
OH .OH
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58a,b 77 76
Scheme 18: Proposed vinyl migration mechanism for terminal epoxides 58a,b.
The undesired vinyl migration of the exo epoxide (58a) is facilitated by an
antiperiplanar alignment of the breaking epoxide C-O bond and the migrating C-C bond
(Scheme 19).26 This alignment (79) allows an excellent HOMO-LUMO orbital overlap in
26 For an overview of stereoelectronic effects see: Deslongchamps, P. Stereoelectronic Effects in Organic
Chemistry, Pergamon Press: New York, 1983
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the proposed vinyl migration pathway, and the possibility for a concerted or near-concerted
transition state. The endo epoxide (58b), however, experiences poor orbital overlap of the
epoxide C-O and migrating C-C bonds. Thus, the mechanism of vinyl migration for the
endo epoxide must occur through a discrete carbocation intermediate (77).
(a I a .
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Scheme 19: Exo vs. endo epoxide vinyl migration mechanisms.
Despite the stereoelectronically predicted affinity of exo epoxide 58a for vinyl
migration, the endo epoxide affords a greater percentage of the vinyl rearranged product 76
relative to the desired elimination product 59. This seemingly counterintuitive result can be
rationalized by the mechanism of epoxide elimination with DATMP (74), which is believed
to proceed as a concerted syn elimination in a six-membered boat transition state (80) when
possible.24
80 n UcoLnce
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The concerted elimination mechanism (79,80), however, can only take place when
the molecule can accomodate the relatively large steric bulk of the cyclic transition state.
While exo epoxide 58a can likely accommodate the bulky cyclic transition state of the
concerted mechanism on the relatively unhindered exo face of the bicyclic system, the
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relatively more hindered endo face of endo epoxide 58b may be unable to fit the preferred
transition state. As such, endo epoxide 58b may proceed by an elimination mechanism
with a discrete carbocationic intermediate (81).
The differing ratios of elimination and vinyl migration products (59 and 76,
respectively) for reaction of the two epoxides (58a,b) with DATMP is merely a function of
kinetic preference for the two respective mechanistic pathways (concerted vs. step-wise)
available to each epoxide isomer. Since the two epoxides are expected to undergo different
mechanisms it follows that the proportion of the two products (59 and 76) may differ for
each isomer. In addition, the lower energy of activation required by concerted reactions
compared to the analogous stepwise pathways corresponds to the higher rate of reaction for
exo epoxide 58a relative to endo epoxide 58b.
Although elimination of the epoxide isomers to the desired allylic alcohol 59
proceeded in disappointing yields, enough product could be obtained to continue progress
towards the investigation of our desired rearrangements.
2.7 Oxidative Elaboration of the Two-Carbon Bridge
Discovery of the undesired vinyl migration (77) was rather disconcerting because,
aside from furnishing lower yields of the desired allylic alcohol 59, it revealed the
propensity of our [3.2.1] system for undesired skeletal rearrangement upon formation of
cationic character at the tertiary carbon on the two-carbon bridge. This was an ominous
result, since both of the planned ring contraction rearrangements of our proposed common
intermediate (83) involve generating carbocationic character at the very same carbon as 77.
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The demonstrated lability of the enone vinyl group to 1,2-migration highlights the
importance of achieving the ether linkage to the 3-carbon of the enone present in proposed
model common intermediate 83. Formation of a bond between the endo secondary oxygen
substituent and the 3-enone carbon before or during ionization of the tertiary position (82
to 83) would serve to disable the undesired 1,2-migration of the vinyl carbon. Thus, we
set about to secure endo oxygenation of the two-carbon bridge of the types discussed
previously (Scheme 6).
The first task was determination of the inherent facial selectivity of the allylic
alcohol double bond of 59 to electrophilic oxidation. The primary alcohol of 59 was first
protected as the benzoate by treatment with benzoyl chloride and 4-dimethylaminopyridine
in dichloromethane at 0 oC to afford the desired benzoate 84 in 96% yield. Treatment of
benzoate 84 with osmium tetroxide and pyridine in tetrahydrofuran at 0 OC gave rapid
conversion to the osmate ester, which was subsequently reduced to the corresponding diol
with aqueous sodium bisulfite. A single diol diastereomer (85) was isolated in 81% yield.
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Unfortunately, characterization of diol 85 by nOe difference analysis (500 MHz,
CDCl 3) revealed complete exo stereochemistry of the diol, which was opposite to the endo
oxygenation we desired. This conclusion was based on irradiation of the doublet of
doublets signal assigned to the Hk proton (Scheme 20), which yielded positive nOe's to its
geminal counterpart HI (26.5%), bridgehead CHj (4.9%), as well as diol hydroxyls Hh
(1.9%) and Hi (2.3%). Irradiation of the doublet signal assigned to Hg, however, led to
positive nOe's to carbinol methylene protons He and Hf (1.5%, 2.5%), diol hydroxyl
protons Hh and Hi (0.2% and 2.7% respectively), and bridgehead CHj (3.8%), but only a
0.4% nOe to proton Hk. This data left little doubt that the [3.2.1] system of 84 exhibited
strong substrate stereocontrol for attack from the exo face of the two-carbon bridge.
BzO He ,f
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Scheme 20: NOE difference values for diol 85.
[3.2.1] Allylic alcohol 59 was also subjected to epoxidation conditions. Treatment
of 59 with 3-chloroperoxybenzoic acid in biphasic dichloromethane/aqueous sodium
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bicarbonate proceeded over several hours to afford a single epoxide isomer (86) in 91%
yield.
I-u
MCPBA
CH 2Cl 2, aq. NaHCO3
Although no nOe studies were performed on epoxide 86, coupling constant
analysis of the proton NMR spectrum (300 MHz) strongly suggests an exo stereochemistry
of the epoxide analogous to diol 85. The singlet peak at 3.53 ppm, assigned to the epoxide
CH, shows negligible splitting with the neighboring bridgehead proton. Analysis of
molecular models shows the dihedral angle between the epoxide proton and the bridgehead
proton is ca. 10 for the endo epoxide and ca. 700 for the exo epoxide. The larger dihedral
angle of exo epoxide 86 would best correspond to the observed negligible splitting.
From the above experiments, we conclude that the exo face of [3.2.1] allylic
alcohol 59 is far more accessible to direct electrophilic oxidation than the desired endo face.
The results are supported by the general tendency of small bridged bicyclic systems to
favor exo addition due to the relatively pinched angle of the endo face. Thus, we were
forced to resort to more indirect methods of oxidation in an attempt to circumvent the
inherent steric bias of our system.
One common method for reversing the stereochemical course of epoxidation is by
initial formation of the bromohydrin, followed by closure to the sterically disfavored
epoxide. Our plan involved application of this strategy to allylic benzoate 84 (Scheme 21)
in hopes of obtaining sterically disfavored endo epoxide 87.
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Scheme 21: Bromohydrin route to proposed endo epoxide 87.
In practice, treatment of allylic benzoate 84 with N-bromosuccinimide in aqueous
tetrahydrofuran afforded slow conversion to a single product over seven hours. Instead of
the expected bromohydrin, however, the product was characterized as the isomeric [3.2.1]
bromide 88. None of the desired bromohydrin (Scheme 21) was observed.
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Bromide 88 is most likely formed by a skeletal rearrangement analogous to the
vinyl migration seen during DATMP elimination of epoxides 58a and 58b (Scheme 18).
A likely mechanism for formation of ketone 88 (Scheme 22) involves initial formation of
the bromonium ion (89) from the less hindered exo face, followed by a stereoelectronically
controlled 1,2-migration of the [3-enone carbon to form the tertiary carbocation (90).
Termination is accomplished via loss of the TBS group from 91 in the presence of water to
form ketone 88. Formation of ketone 88 via the loss of TBS+ in aqueous tetrahydrofuran
contrasts to the formation of the analogous TBS enol ether (76) through carbocationic
termination involving proton abstraction in the non-aqueous basic DATMP reaction mixture
(Scheme 18).
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Scheme 22: Proposed mechanism of N-bromosuccinimide-induced vinyl migration.
To rule out any adverse effects arising from the primary benzoate functionality of
84, the analogous primary TBS ether 93 was synthesized. The TBS ether was formed
from allylic alcohol 59 by treatment with tert-butyldimethylsilyl chloride and imidazole in
N,N-dimethylformamide. The reaction proceeded at room temperature for thirty minutes to
afford the desired primary ether 93 in near quantitative yield. Exposure of primary TBS
ether 93 to N-bromosuccinimide in aqueous tetrahydrofuran resulted in slow conversion to
a single product by thin-layer chromatography. Analogous to the benzoate derivative,
however, the product was characterized as bromide 94, a product of the undesired vinyl
migration (Scheme 22).
TBSQ
imidazole
DMF
23 OC
NBS
aq. THF
o 99% 93 0 67% 94o
These results demonstrated, once again, the disturbing eagerness of our system to
undergo vinyl migration in favor of even the simplest alternatives (hydration of the
bromonium ion in this case, and base abstraction of a secondary proton previously).
Again, this did not bode well for the final rearrangement studies in which the desired
alternatives to vinyl rearrangement are relatively high energy ring contractions.
Despite the inability to achieve endo oxidative stereochemistry at both carbons of
the two-carbon bridge, we maintained hope of securing endo stereochemistry at least at the
secondary position in order to possibly disable vinyl migration by intramolecular
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cyclization into the enone (akin to 83). Our plan involved a stereochemical inversion of the
exo secondary alcohol of 85 via oxidation, followed by delivery of hydride from the less
hindered exo face.
In practice, exposure of exo diol 85 to standard Swern conditions27 afforded
desired ketone 95 in 52% yield. Following the method of Ward et al.,28 treatment of
ketone 95 with sodium borohydride in dichloromethane/methanol at -78 OC, addition of
acetone, and warming to room temperature afforded trans diol 96 in 70% yield. The
reduction proceeded both regio- and stereoselectively from the exo face of the ketone.
BzO BzO BzO
HO , OH (COC1)2
TBSO DMSO
Et3N
CH2C12
NaBH 4
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Coupling constant analysis of the secondary carbinol proton of 96 was again used
to verify stereochemistry of the diol. The doublet of doublets peak at 4.56 ppm assigned to
the secondary carbinol proton of 96 possesses a 3.6 Hz coupling constant with the
neighboring bridgehead proton. As discussed earlier for exo epoxide 86, the 3.6 Hz
coupling constant suggests a small dihedral angle such as that existing between an exo-
oriented secondary carbinol proton and the tertiary bridgehead proton of 96. This contrasts
with the analogous coupling constant for exo diol 85 (1.6 Hz), which is smaller and
corresponds to the near 900 dihedral angle between the endo carbinol and bridgehead
protons of an exo secondary alcohol.
Although no cyclization of the endo secondary hydroxyl into the enone of 96 was
observed by thin-layer chromatography or proton NMR, it was hoped that formation of the
desired ether bond (or at least an equilibrium between 96 and 97) could be induced by
27 Mancuso, J.; Swern, D. Synthesis, 1981, 165.28 Ward, D.E.; Rhee, G.K.; Zoghaib, W.M. Tetrahedron Lett., 1988, 29, 517.
exposure of 96 to basic or acidic conditions. Unfortunately, treatment of the trans diol 96
with triethylamine in tetrahydrofuran and heating afforded no sign of the desired ether
linkage 97. Exposure of 96 to boron trifluoride etherate in dichloromethane from -78 OC
to 23 OC produced no change in the starting material. Treatment with diethylaluminum
chloride in dichloromethane at -78 OC, with warming to -20 oC resulted only in slow
decomposition of the starting material. In addition, an attempt to induce closure of the ether
linkage by exposure to tert-butyldimethylsilyl chloride and triethylamine generated only
TBS protected adducts of 96.
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The failure to induce formation of the desired ether linkage in 96 is perhaps not too
surprising when one considers the large amount of strain energy introduced by distortion of
the [3.2.1] framework to form 97. Nevertheless, the failure to obtain cyclization of the
endo secondary alcohol into the enone, coupled with the observed facility of vinyl
migration cast a worried shadow over hopes for the planned rearrangement attempts to the
ring contracted products. Since we had exhausted our options concerning formation of an
endo epoxide on the two-carbon bridge, we decided to proceed with the rearrangement
attempts on the compounds we already possessed; namely, exo epoxides derivatives of
allylic alcohol 59, and endo epoxide 58b.
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2.8 Exo-epoxide Rearrangements
Due to the complete exo facial selectivity for oxidation of allylic alcohol 59, and the
observed facility of vinyl migration, we were unable to access our desired rearrangement
substrates, 98 and 99. Instead, we were forced to proceed with the stereoelectronically
inferior exo-epoxide substrate 100.
100
It was hoped that under the proper Lewis-acidic conditions, epoxide 100 could be
induced to undergo a pinacol-like ring contraction rearrangement analogous to the proposed
biosynthetic rearrangement to paeoniflorin (Scheme 23). In our proposed plan, initial
Lewis-acid induced epoxide opening (of 100) would form tertiary carbocation 101,
followed by oxygen-assisted 1,2-migration of the neighboring secondary carbon to afford
ring contracted [3.1.1] aldehyde 102. Success requires that the desired ring contraction
migration (101 to 102) occur faster than the undesired vinyl migration (103 to 104).
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Scheme 23: Desired vs. undesired epoxide rearrangement possibilities.
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Ring contraction rearrangements of epoxides are quite common in the literature, and
often occur in excellent yields.29 Although the reaction is not typically used for the
formation of small rings (i.e., three and four carbons), pinacol-type rearrangement of our
[3.2.1] framework is mechanistically possible. Lewis acids are commonly used to effect
the transformation. Those most often used include boron trifluoride etherate (BF3*Et2O)
and methylaluminum bis(4-bromo-2,6-di-tert-butlyphenoxide) (MABR), owing to their
relative mildness. Due to possible neighboring group involvement from the primary
hydroxyl, several protected forms of epoxide 100 were to be auditioned.
In practice, treatment of exo epoxy-alcohol 86 with excess BF3 *Et20O in
dichloromethane at -78 oC with warming to -20 oC afforded a complex mixture of products
from which ketone 105 was isolated in 53% yield as the major product.
BF 3*Et2O
CH2C12
-78 to -20 OC
105
Ketone 105 represents, once again, a product of the now-familiar vinyl
rearrangement. The mechanism (Scheme 24) involves Lewis-acid induced regioselective
ring opening of the epoxide (86), concurrent with a stereoelectronically controlled 1,2-
migration of the j3-enone sp2 carbon (106), to afford an oxygen stabilized secondary
carbocation (107). Termination is accomplished by loss of TBS and formation of the
ketone to afford 105. None of the minor reaction products (incompletely characterized by
proton NMR) corresponded to the desired ring contracted [3.1.1] framework.
29 (a) Maruoka, K.; Hasegawa, M.; Yamamoto, H. J. Am. Chem. Soc. 1986, 108, 3827. (b) Maruoka,
K.; Sato, J.; Yamamoto, H. Tetrahedron, 1992, 48, 3749. (c) Shimazaki, M.; Hara, H.; Suzuki, K.;
Tsuchihashi, G. Tetrahedron Lett. 1987, 28, 5891.
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Scheme 24: Proposed vinyl migration mechanism.
The primary benzoate derivative of epoxy-alcohol 86 was also auditioned under
analogous rearrangement conditions. Benzoylation of primary epoxy-alcohol 86 was
effected with benzoyl chloride, 4-dimethylaminopyridine, and pyridine in dichloromethane
to afford a 96% yield of the desired benzoate (108). Treatment of 108 with BF3.Et20O at
-78 oC with warming to 0 oC resulted in smooth conversion to a single product,
characterized as ketone 109 by proton NMR. Once again, the major product (109)
corresponds to the undesired vinyl migration (Scheme 24), while no traces of the desired
ring-contracted products were observed.
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MABR (110) is an oxygenophilic reagent utilized extensively for selective pinacol-
type ring contraction rearrangements of epoxides.29b In acyclic systems, treatment of TBS
protected epoxy alcohols with MABR is known to result in selective formation of the
desired ring contracted rearrangement products, often in high yields. As such, we decided
to utilize 110 in an attempt to effect ring contraction of our [3.2.1] system.
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TBS protection of epoxy alcohol 86 was effected by treatment with tert-
butyldimethylsilyl chloride and imidazole in dichloromethane to afford the desired TBS
ether 111 in 96% yield. MABR was prepared according to the literature procedure29b by
combining the appropriate phenol with trimethylaluminum. Addition of TBS epoxide 111
to MABR at -78 OC and warming to room temperature for several hours resulted in slow
conversion to a single isolable product, which was characterized as TBS enol ether 112
(57% yield).
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Enol ether 112, once again, represents the product of a vinyl migration. Vinyl
migration of 111, however, is accompanied by elimination of a proton to form the enol
ether (112), rather than loss of the TBS group to form the corresponding ketone (as in
107 to 105 in Scheme 24). Formation of enol ether 112 is analogous to the DATMP
induced vinyl migration of epoxides 58a and 58b (Scheme 18), in which enol ethers were
also generated from vinyl migration.
In summary, all three exo epoxide substrates auditioned under Lewis-acidic
conditions (86, 108 and 111) showed a high propensity for vinyl migration to the
complete exclusion of the desired pinacol-type ring contractions. The extreme ease with
which our system undergoes 1,2-migration of the vinyl group can be traced to several
important mechanistic considerations.
One factor favoring vinyl migration involves favorable stereoelectronics for the
undesired vinyl migration. The migrating carbon-carbon bond is situated antiperiplanar to
.^ ~I 1 96%
the tertiary epoxide carbon-oxygen bond, providing good overlap between the HOMO a-
orbital of the migrating carbon-carbon bond and the LUMO a*-orbital of the breaking
carbon-oxygen epoxide bond. This overlap allows for an early transition state and the
possibility for a low-energy, concerted 1,2-migration (113).
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A vinyl migration mechanism occurring through a discrete carbocation (114) would
also experience good stereoelectronic overlap of the migrating carbon-carbon bond with the
empty p orbital of the tertiary carbocation. The desired ring contraction transition state
(115), however, experiences relatively poor stereoelectronic overlap with the carbocationic
p orbital, and would thus be expected to disfavored relative to vinyl migration.
Perhaps most importantly, the thermodynamic requirements of ring strain differ
significantly in the two competing rearrangements (vinyl migration and ring contraction).
Vinyl migration involves isomerization of one [3.2.1] system to an isomeric [3.2.1] ring
system, and thus experiences little ring strain in the transition state (113/114).
Conversely, rearrangement to the desired [4.1.1] system involves a significant energy of
activation to overcome the relatively large amount of ring strain in the ring contraction
transition state (115). This energy barrier thus encourages other lower energy pathways
such as the observed vinyl migration.
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2.9 Lactiflorin-type Endo-epoxide Rearrangements
Although formation of isomeric allylic alcohol 30 was not pursued, it is possible
that hydroxyl directed epoxidation of the terminal olefin of 30 could result in selective
formation of the desired endo epoxide 27, a stereoelectronically promising rearrangement
substrate. In the absence of endo epoxy-alcohol 27, however, we entertained the
possibility of using endo epoxide 58b as a model for a rearrangement which would access
lactiflorin (2) exclusively.
58b
The proposed lactiflorin-type ring contraction (Scheme 25) involves Lewis-acid
induced epoxide opening of endo epoxide 58b to form the tertiary carbocation 116,
followed by a stereoelectronically controlled oxygen-assisted 1,2-migration, and
termination via loss of TBS to furnish a [4.1.1] dione (117) roughly analogous to the
lactiflorin (2) aglycone. Although the drawbacks of the desired ring contractions relative to
the undesired vinyl migration (77 to 118) have been discussed (and endo epoxide 58b has
already been shown to be susceptible to vinyl migration, Scheme 18), we felt that under the
proper conditions, the endo stereochemistry of the epoxide (with its additional
stereoelectronic influence) may encourage at least some of the desired ring contracted
product (117).
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Scheme 25: Desired vs. undesired rearrangements of model endo epoxide 58b.
In practice, treatment of endo epoxide 58b with titanium(IV) chloride in
dichloromethane at -78 OC generated ketone 118 in 65% yield. Again, the Lewis-acid
generated product corresponds to the undesired vinyl migration (119). None of the
desired ring contracted product was observed.
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It was postulated that the TBS protected tertiary hydroxyl in 58b may have been
less amenable to the desired rearrangement than a free tertiary hydroxyl. To test this
possibility, the tertiary TBS group was removed from epoxide 58b with
tetrabutylammonium fluoride in tetrahydrofuran in 87% yield. The tertiary alcohol was
then treated with boron trifluoride etherate in dichloromethane at -78 oC and warmed to -15
oC. Once again, however, only the product of vinyl migration (118) was formed, with no
sign of the desired ring contracted product (117).
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Overall, the desired ring contraction reactions of both endo and exo [3.2.1]
epoxides have been met with failure. No trace of any ring contracted products have been
observed, while a facile side reaction has been thoroughly documented. Although there
were a few interesting and accessible substrates which had yet to be auditioned (notably
121 and 122), we felt sufficiently convinced at this point that our [3.2.1] intermediates
were not amenable to cationic ring contraction. As such, other ring contraction methods
utilizing non-cationic mechanisms became more attractive for obtaining our [3.1.1] and
[4.1.1] systems, and were consequently investigated.
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Chapter 3. Wolff Ring Contraction Strategy
3.1 Background
In the series of cationic rearrangements attempted thus far, each of our [3.2.1]
intermediates has shown a marked preference for undesired vinyl migration rearrangements
instead of the desired carbocyclic ring contractions (Scheme 26). In fact, no ring
contracted products have been identified from any of the rearrangements.
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Scheme 26: The undesired vinyl migration.
The unsuccessful carbocationic ring contractions, coupled with the presence of
sensitive, complex functionality in our rearrangement substrates, seems to dictate the use of
a milder, more controlled ring contraction mechanism to avoid undesired side reactions. As
a result, attention was turned to alternate non-cationic ring contraction options in our effort
to access the [3.1.1] carbocyclic core of paeoniflorin (1).
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Two intriguing alternatives to cationic rearrangement included the Wolff
rearrangement of an a-diazoketone (124), or pseudo-Favorskii rearrangement of an a-
bromo ketone (125), both conceivably available from a [3.2.1] ketone intermediate such as
123 (Scheme 27). While not adhering to the original biosynthetically inspired plan (and
forgoing access to the lactiflorin [4.1.1] skeleton), these non-cationic ring contractions
mechanistically rule out the troublesome vinyl rearrangement. In addition, ketone 123 is
potentially available through small modifications of our existing route to the [3.2.1]
intermediates used in the carbocationic ring contraction studies (Scheme 11).
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Scheme 27: Alternate non-cationic ring contraction strategies.
Initial efforts in this non-cationic vein have focused on the Wolff rearrangement.30
The Wolff rearrangement is a widely used method for creating small, highly strained rings
(especially four-membered rings) via ring contraction of an a-diazoketone intermediate
(126). In its photochemical variant (Scheme 28), the reaction may proceed by a concerted
(or near concerted) rearrangement of a high energy carbenoid intermediate (127) which is
accessed via photoexcitation of an a-diazoketone (126). The relatively large activation
energy required for excitation of the diazoketone precursor can be supplied via irradiation
with an appropriate wavelength of light corresponding to absorbance by the diazoketone
chromophore. The intermediacy of a discrete carbenoid intermediate, however, is
somewhat disputed.30
30 Gill, G.B. "The Wolff Rearrangement" in Comp. Org. Syn. Volume 3, Chapter 39, p. 887 and
references cited therein.
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Scheme 28: Photo-Wolff rearrangement of an a-diazoketone
A literature example closely related to our plan further boosted confidence in our
proposed Wolff ring contraction. In 1966, Wiberg demonstrated that photolysis of [3.2.1]
a-diazoketone 128 generated ring contracted [3.1.1] ester 129 (predominately endo) in
good yield (Scheme 29).31 Although our proposed Wolff substrate (124) is considerably
more functionalized than ca-diazoketone 128 (which may introduce complications) the
literature example demonstrates the feasibility of accessing a [3.1.1] framework via Wolff
rearrangement.
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Scheme 29: Related Wolff ring contraction from literature.31
The mild nature of the photo-Wolff rearrangement, combined with this successful
literature precedent on related [3.2.1] bicyclic systems gave us enough confidence to divert
efforts from the cationic rearrangements to the formation of the requisite a-diazoketone
(124).
3.2' Oxidative Cleavage of Terminal Olefin 57
[3.2.1] a-diazoketone 124 may be accessed most easily from our existing route
through [3.2.1] terminal olefin 57, an intermediate in the cationic rearrangement studies.
Protection of the enone and oxidative cleavage of the olefin would generate [3.2.1] ketone
31 Wiberg, K.B.; Hess, B.A. J. Org. Chem. 1966, 31, 2250.
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123 which may then be converted to the desired diazoketone 124 by diazo transfer
methodology. Since we already have access to olefin 57 (Scheme 11) and the proposed
functional group manipulations are fairly straightforward, we chose this strategy to access
our Wolff precursor.
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Initial efforts to cleave the terminal olefin of 57 via electrophilic oxidation,
however, were met with some difficulties. Both controlled ozonolysis conditions and
osmylation proved unselective towards oxidation of the terminal olefin in presence of the
enone olefin. Despite the more nucleophilic character of the terminal olefin of 57 and the
resulting expectation of increased reactivity to electrophilic oxidation, it evidently
experiences a fair amount of steric hindrance from the neighboring congested bridgehead
position, significantly tempering its reactivity.
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Success was ultimately achieved by protecting the enone as the allylic ketal prior to
double bond cleavage. Exposure of 57 to standard ketalization conditions (ethylene glycol,
catalytic p-toluenesulfonic acid, azeotropic removal of water) generated the desired ketal
131 in 56% yield, along with 34% recovered starting material (57). The reaction was
halted prior to completion due to a decrease in rate after about an hour at reflux; however,
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this problem could likely be remedied by a more efficient removal of water from the
reaction as it proceeds.
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The terminal olefin of 131 was then cleaved in a two-step procedure involving
osmylation and oxidative diol cleavage. With the enone olefin of 131 shielded by the
newly added ketal, osmylation of the terminal olefin proceeded smoothly to diol 132 in
96% yield under standard conditions with osmium tetroxide and pyridine in
tetrahydrofuran. Diol 132, however, was found to be quite prone to acid-induced opening
of the allylic ketal, and was carried to the next step without delay.
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Although standard periodate diol cleaving conditions resulted in decomposition of
the allylic ketal of 132, the use of lead tetraacetate under basic conditions with pyridine
proved quite effective, affording ketone 133 in 91% yield.
3.3 Photo-Wolff Rearrangements
The stage was now set for formation of the a-diazoketone intermediate and the key
Wolff rearrangement. Although there are numerous literature procedures for forming a-
diazoketones, very few are applicable to relatively hindered cyclic ketones such as 133.
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The most commonly used procedure for hindered substrates was developed by Mander et
aL,32 and employs 2,4,6-triisopropylbenzenesulfonyl azide (trisyl azide) under basic phase
transfer conditions (Scheme 30). A wide range of hindered ot-diazoketones are available
by this method in moderate to good yields.
The mechanism (Scheme 30) presumably involves initial attack of the carbonyl
enolate at the terminal nitrogen of trisyl azide, followed by an elimination (possibly
intramolecular) of sulfonamide and the desired a-diazoketone 126.
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Scheme 30: Possible diazotransfer mechanism.32
In practice, treatment of ketone 133 with trisyl azide and potassium hydroxide in a
biphasic benzene-water system with 18-crown-6 and tetrabutylammonium bromide as the
phase transfer catalysts resulted in smooth conversion to a compound tentatively
characterized as diazoketone 134 in 67% yield. Proton NMR analysis of 134 was
consistent with the assigned structure, and the FIlR spectrum indicated a characteristic
strong diazoketone absorbences at 2106 and 1759 cm-1. Unfortunately, photolysis of a
tetrahydrofuran-methanol solution of diazoketone 134 under either 254 or 300 nm light
generated none of the desired [3.1.1] ester products, but rather a complex mixture of
products.
3 2 Lombardo, L.; Mander, L.N. Synthesis, 1980, 368.
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It is uncertain exactly what complications arose during the photolysis of 134,
however they likely involve the somewhat sensitive allylic ketal functionality. As such, it
was postulated that exchange of the ketal for a more robust enone protecting group might
facilitate the desired Wolff rearrangement. It was thus decided to utilize a protected allylic
alcohol as the protected form of the enone.
Since the presence of the ketal was deemed necessary for selective oxidation of the
terminal olefin (131 to 133), exchange of the ketal after olefin cleavage was required
despite the somewhat roundabout synthetic plan it necessitates. Thus, acid induced
cleavage of ketal 133 with dilute HC1 in aqueous acetone afforded enone 130 cleanly in
96% yield.
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The relatively less hindered enone carbonyl of 130 was then regio- and
stereoselectively reduced with the bulky hydride reductant L-selectride* (lithium tri-sec-
133
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butylborohydride) to give the corresponding allylic alcohol 135 in 95% yield as a single
stereoisomer. Consistent with previous attempts to oxidatively cleave terminal olefin 57,
reactivity at the ketone position of 30 remains sluggish, due to steric hindrance from the
neighboring bridgehead position. Although nOe studies have not been undertaken on
alcohol 135, reduction from the exo face of the carbonyl is likely to be highly favored (for
reasons discussed earlier), resulting in the predicted endo allylic alcohol stereochemistry.
Protection of the secondary alcohol of 135 as the relatively non-bulky methoxy methyl
(MOM) ether 136 was accomplished uneventfully under standard conditions (chloromethyl
methyl ether, N,N-diisopropylethylamine) in 90% yield (82% from 133, three steps).
The stage was once again set for the diazotransfer reaction and the crucial Wolff
rearrangement. Mander's phase transfer conditions were again employed due to the
hindered nature of 136, affording a product characterized as a-diazoketone 137 in ca.
60% yield. Proton NMR, FTIR, and UV spectra of 137 are consistent with the proposed
structure.
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Exposure of a methanolic solution of 137 to 254 nm light through a Pyrex filter in
a Rayonet reactor generated two major products in a ca. 2:1 ratio. The two products were
characterized by proton NMR and FTIR as the desired endo and exo [3.1.1] methyl esters
138 and 139 in ca. 50% combined yield. Additional characterization, however, will be
required in order to conclusively establish the assigned structures.
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The major photolysis product (138) was then auditioned in one further reaction to
complete the carbocyclic framework of the paeoniflorin aglycone. Exposure of ester 138
to lithium diisopropylamide followed by a formaldehyde solution in tetrahydrofuran at -78
OC resulted in a single more polar product tentatively characterized as primary alcohol 140
by proton NMR (250 MHz), which contains the complete carbocyclic core of the
paeoniflorin (1) aglycone. The minor isomer (139) has not yet been tested for this step.
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In summary, we have tentatively achieved the complete [3.1.1] carbocyclic
framework of the paeoniflorin (1) aglycone utilizing a photo-Wolff ring contraction of a
[3.2.1] intermediate as the key step. Despite the presence of all carbons of the paeoniflorin
aglycone in alcohol 140, significant functional group manipulation remains in order to
complete the synthesis (Scheme 31). Reintroduction of the enone (141) would be
followed by completion of the oxacyclic acetal cage and benzylation of the exo primary
alcohol (142). Stereoselective attachment of glucose at the tertiary position and
deprotection would then complete the total synthesis of paeoniflorin (1).
functional group
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Scheme 31: Steps remaining to paeoniflorin (1).
Our current synthetic route (Scheme 32), although ultimately successful in building
up the carbocyclic framework of the paeoniflorin (1) aglycone, remains somewhat
inefficient. Composed of twenty steps to [3.1.1] ester 140, and requiring a minimum of
eight more to access paeoniflorin (1), the route is perhaps longer than would be desired,
especially in light of Corey's fifteen step synthesis. Nevertheless, if a more efficient
construction of the [3.2.1] intermediate framework can be devised, along with an efficient
strategy for an enantioselective Diels-Alder reaction, our route has the potential to be of
comparable, if not greater efficiency than the previously published syntheses of
paeoniflorin (Schemes 2 and 3).
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Scheme 32: Our present route to the [3.1.1] carbocyclic framework.
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Chapter 4: Glucose incorporation
4.1 General Strategy
Paeoniflorin (1) can be viewed conceptually as containing two separate chiral
entities: the glucoside and terpenoid-aglycone portions. Given that several chiral glucose
derivatives are commercially available, ideally we would want to make the most efficient
use of this preexisting chirality in our synthesis. Utilizing a chiral glucose starting material,
there are three conceivable general strategies towards an asymmetric synthesis of
paeoniflorin which differ significantly in their degree of efficiency.
OH
H OH
01,
1
The least efficient approach, utilized in both the Corey9a and Takano 9b syntheses,
involves the racemic synthesis of an aglycone intermediate, followed by a relatively
inefficient diastereomeric resolution before or during attachment of the chiral glucose
moiety. This strategy, as applied to our synthetic route to [3.2.1] intermediates, is
represented below in Scheme 33.
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resolution/glycosylation OR
HO OH R.O  O
^OR
o o
desired undesired
enantiomer enantiomer
u
Scheme 33: Least efficient glycosylation strategy.
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Another somewhat more efficient approach involves the asymmetric construction of
the aglycone using an independent chiral auxiliary or chiral catalyst, followed by
glycosylation of the chiral terpenoid (Scheme 34). Although conceptually more efficient
than the Corey/Takano approach, this strategy still fails to exploit the inherent chirality of
the glucose moiety.
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Scheme 34: Use of an independant chiral auxiliary.
The most efficient use of the inherent chirality of the glucoside would be its role as
a chiral auxiliary in an asymmetric reaction to set the stereochemistry of the aglycone
portion (Scheme 35). This plan would be particularly efficient since the chiral auxiliary
would be retained in the product.
asymmetricOR glycosylation OR reaction
R X ... R . R
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Scheme 35: Use of glucose as a chiral auxilliary.
Our ambitious goal was to pursue this most efficient plan, using the glucose moiety
as a chiral auxiliary for the asymmetric construction of the paeoniflorin (1) aglycone.
4.2 Proposed Route
A chiral glucose moiety (34) could conceivably be used as a chiral auxiliary in an
asymmetric Diels-Alder reaction to form the two crucial bridgehead stereocenters of the
[2.2.1] aglycone core (146). These two bridgehead stereocenters of [2.2.1] intermediate
146 may then control the formation of the remaining four terpenoid stereocenters of
paeoniflorin (1), following our previously developed model route toward the paeoniflorin
aglycone (Scheme 32). This strategy is illustrated below (Scheme 36).
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Scheme 36: Proposed route utilizing a glycoside chiral auxiliary.
Despite the conceptual efficiency offered by this plan, there are several significant
questions to be considered prior to its undertaking. Success of the plan depends on solving
each of the potential problems listed below:
1. Efficient stereoselective glycosylation of the cyclopentanedione (44)
2. Regioselective deprotonation of the glucose-vinylogous ester (143) alpha to
the carbonyl
3. Trapping of enolate 144 by an electrophile to afford a stable cyclopentadiene
(145)
4. Stereoselective Diels-Alder attack of the dienophile from the desired face of
diene 145
5. Compatibility of the protected glucose moiety of 146 with the remaining steps
The challenges associated with each of these items will be discussed in the
following sections.
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4.3 Stereoselective Glvcosyvlation
Our plan for a stereoselective glucose-mediated Diels-Alder requires the formation
of 3-linked vinylogous ester 143. The most convergent disconnection can be made at the
glucose linkage, however this requires the stereoselective glycosylation of a dione (44), as
opposed to the more traditional alcohol substrates.
tereoselectiveOR glycosylation OR
OR' OR'
143 34 44
Although the literature offers numerous procedures for obtaining 3-glucose
linkages to simple alcohols, 1 lb there is relatively little precedence for 0-glycosylation of
dicarbonyls. The single literature example located for glycosylation of diones 34 relied on
classic neighboring group participation from the 2' acetate group (Scheme 37). In addition
to the unacceptably low yield, this method would be incompatible with our planned route
due to interference from abstractable protons of the acetate methyl groups in later reactions.
S oAc NaoDMSO, 23 OC
OAc Br 0 17% AcO OAco
Scheme 37: Literature example of dione glycosylation.34
Many of the traditional methods for 0-glycosylation of alcohols may also be
inappropriate due to the anticipated sensitivity of our desired glycoside ester 143. The
vinylogous glucose linkage of 143 will likely be more vulnerable to acid-induced
hydrolysis (44) and beta-to-alpha anomeric isomerization (147) than a simple ether
glucose linkage, due to the possibility for Lewis-acid activation of the carbonyl (Scheme
34 Gupta, R.C.; Larsen, D.S.; Stoodley, RJ. J. Chem. Soc. Perkin Trans. 1 1989, 739.
38). Thus, traditional glycosylation conditions employing relatively harsh Lewis-acids
must be avoided.
OR o• LAj OR oLA
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Scheme 38: Mechanism of possible Lewis-acid activated anomeric isomerization
or hydrolysis of ester 143.
4.4 Kinetic Deprotonation
Our next subgoal is regioisomeric formation of a glycosylated diene for use in the
asymmetric Diels-Alder reaction. Vinylogous ester 143 offers two possible sites of
deprotonation (oc and y to the carbonyl as shown in Scheme 39), which result in two
regioisomeric silyl dienes (149 and 151) upon trapping of the respective enolates (148
and 150).
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Scheme 39: Two possible deprotonation sites of ester 143.
Deprotonation alpha to the carbonyl generates a "cross-conjugated" enolate (148) in
which the preexisting double bond does not participate directly in enolate resonance.
Deprotonation gamma to the carbonyl, on the other hand, generates the presumably more
143
thermodynamically stable "doubly conjugated" enolate (150). Formation of our desired
diene regioisomer (149) corresponds to deprotonation alpha to the carbonyl, which would
presumably be accomplished under kinetic control.
There is some literature precedence for regioselective alpha deprotonation of simple
alkyl cyclopentenone vinylogous esters such as 143. Schlessinger et al. have found that
addition of ester 152a to one equivalent of lithium diisopropylamide (LDA) at -78 oC in
tetrahydrofuran, followed by addition of an alkyl halide affords high yields of the alpha
alkylated product 154 (Scheme 40).3 5 The alkylation reactions presumably proceed
exclusively via the desired alpha enolate (153) under kinetic control. Conversely, it was
found by Koreeda et al. that deprotonation of cyclopentenone vinylogous ester (152b)
with one equivalent lithium bis(trimethylsilyl)amide (LiHMDS) at -78 OC in tetrahydrofuran
followed by quenching with deuterium oxide gave 156 exclusively, a product derived from
undesired gamma enolate 155 (Scheme 40).36Salkyl
-78 C, TH
RO Se 0 L 153 154 F?
152 LRO OU
R=methyl, butyl -78 ,TIIF
155 156
Scheme 40: Literature examples of regioselective deprotonation of #.35,36
Thus, literature precedence suggests the use of standard kinetic conditions (1.1
equivalent LDA at -78 oC in tetrahydrofuran) for desired alpha deprotonation of our
glucose vinylogous ester 143, while LiHMDS and thermodynamic bases such as
35 (a) Quesada, M.L.; Schlessinger, R.H.; Parsons, W.H. J. Org. Chem. 1978, 43, 3968. (b) Parsons,
W.H.; Schlessinger, R.H.; Quesada, M.L. J. Am. Chem. Soc. 1980, 102, 889.36 (a) Koreeda, M.; Liang, Y.; Akagi, H. J. Chem. Soc., Chem. Commum. 1979, 449. (b) Koreeda, M.;
Mislankar, S.G. J. Am. Chem. Soc. 1983, 105, 7203.
triethylamine and N,N-diisopropylamine would be expected to result in a majority of
undesired gamma deprotonation.
There are, however, differences between our glycosylated vinylogous ester 143
and the simpler O-alkyl literature examples (152) which may influence the susceptibility to
desired alpha deprotonation. The presence of several oxygens in the glucose moiety of
143 may promote chelation with a kinetic base and direct deprotonation to the undesired
gamma position. Conversely, the steric bulk of the protected glucose moiety may shield
the gamma position and promote kinetic deprotonation at the desired alpha position. Due to
these differences, several conditions were to be auditioned in the quest for predominately
alpha deprotonation.
4.5 Enolate Trapping and Diene Integrity
The next subgoal in our route is trapping of the alpha enolate (144) with an
electrophile to afford a relatively stable diene (145) for use in the Diels-Alder cycloaddition
reaction. The most desirable electrophile would appear initially to be tert-butyldimethylsilyl
trifluoromethanesufonate (TBSOTf) since a glucose-TBS cyclopentadiene (145) would
likely be analogous to the successfully employed bis-TBS diene 47 of the model study, in
terms of stability to hydrolysis and compatibility with subsequent steps. Triethylsilyl
trifluoromethanesulfonate and trimethylsilyl chloride are also a possible electrophiles.
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The stability of the resulting glucose-silyl diene (145) is crucial to the success of
the synthetic sequence. Firstly, the diene (145) should be stable to hydrolysis during
sodium bicarbonate buffered aqueous workup. The enol ether double bonds of
cyclopentadienes are quite strained, and are thus more prone to protonolysis than acyclic
enol ethers. For example, model bis-TBS cyclopentadiene 47 was stable to aqueous
workup, but readily desilylated upon exposure to silica gel.
Secondly, the glucose-silyl diene (145) should also maintain the integrity of its
double bond configuration. A disturbing characteristic of cyclopentadienes is their
propensity for double bond rearrangement. Such a rearrangement may occur via thermal
[1,5]-hydride migration (Scheme 41), or deprotonation of the relatively acidic methylene
protons (pKa = ca. 16) and scrambling of the resulting aromatic system (157).37
H 1,5 hydride H 157migration
Scheme 41: Modes of cyclopentadiene scrambling.
Facile [1,5]-hydride migration would establish a thermodynamic equilibrium of
dienes (Scheme 42) based on the relative energies of the regioisomers, whereas protonation
of the aromatic cyclopentadienide anion would likely occur under kinetic control to give a
somewhat different ratio of the same isomers. Either mode of scrambling, however, would
render moot the composition of the original diene mixture.
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Scheme 42: Five possible glucose-silyl diene isomers.
Of the five dienes possible from double bond scrambling (Scheme 42), those
corresponding to enolates from cx and y deprotonation of the original vinylogous ester (158
and 159, respectively) likely represent the double bond configuration of lowest energy,
37 Streitwieser, A., Jr.; Nebenzahl, L.L. J. Am. Chem. Soc. 1976, 98, 2188.
since each possesses two fully conjugated enol ether resonances. The other higher energy
configurations possess only one enol ether resonance (160 and 162), or feature a less
stabilized cross-conjugated system (161). Thus, dienes 158 and 159 would likely be
favored in a thermodynamic equilibrium. Dienes 158 and 159 would also likely be
favored upon kinetic protonation of the cyclopenadienyl anion, since the two unsubstituted
methylene carbons experience the least steric hindrance for protonation. Synthesis of
model bis-TBS diene 47 (in which configurations corresponding to 158 and 159 are
equivalent) generated no observable formation of undesired dienes corresponding to 160,
161, and 162.
4.6 Diels-Alder Selectivity
In addition to selective formation of the desired glucose-silyl diene 145, the
ultimate success of our strategy also depends on the regioselectivity and stereoselectivity of
the Diels-Alder cycloaddition between diene 145 and methyl propiolate (43).
The regioselectivity of Diels-Alder addition (Scheme 43) will likely be controlled by
the powerful electronic bias of both the diene HOMO 7 and dienophile LUMO s"*
molecular orbitals involved in the cycloaddition transition state.38 To achieve maximum
overlap of participating orbitals, the highest energy HOMO 7r orbital (on the diene vinyl CH
carbon) will pair with the lowest energy LUMO a* orbital (on the dienophile alkyne CH
carbon) in the ensuing cycloaddition. Since both glucose Diels-Alder participants (145 and
43) are particularly biased in this regard, the reaction should proceed with virtually
complete regioselectivity.
38 For a discussion of Frontier Molecular Orbital Theory see: Fleming, I. Frontier Orbitals and Organic
Chemical Reactions, Wiley: New York, 1976.
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Scheme 43: Expected regioselectivity of dienes 145 and 47.
The aglycone model studies provide precedent for the desired regioselectivity of
glucose-silyl diene 145. The Diels-Alder reaction of methyl propiolate with bis-TBS
model diene 47 proceeded with complete regiocontrol to give the desired cycloaddition
adduct. Diene 145 differs from model diene 47 only by the replacement of a TBS group
with a protected j3-glucoside. Although the glucose moiety of 145 possesses less electron
donating character into the diene •* system than the silyloxy group of 47, the glucose
substituent will still contribute to the unbalanced nature of the diene HOMO orbital. As
such, a comparable degree of regiocontrol is expected for Diels-Alder reaction of glucose-
silyl diene 145.
The expected degree of stereoselectivity of dienophile attack on glucose-silyl diene
145, however, was less certain. Due to the chirality of the glucose, two Diels-Alder
diastereomers may be generated from diene 145 (Scheme 44). The ratio of the two
diastereomers (146, 163) will depend on the facial selectivity of dienophilic attack on the
chiral diene. Our route requires attack of methyl propiolate from the top face of
glycosylated diene 145, as shown below in Scheme 44.
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Scheme 44: Diels-Alder facial selectivity
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Our proposed plan would utilize the protected glucoside as a chiral auxiliary to
achieve the desired stereoselectivity in construction of the aglycone. There is a good deal
of literature precedence for the use of protected carbohydrate derivatives as chiral auxiliaries
in a variety of asymmetric reactions, including cyclopropanation, [3+2] cycloadditions,
cuprate additions, Mannich reactions, and Diels-Alder cycloadditions, among others.15
A literature example closely related to our plan provides some insight into the
expected degree of Diels-Alder stereoselectivity for our glucose-silyl diene 145. Stoodley
et al. have thoroughly investigated an acyclic glycosylated diene (164) for use in the
enantioselective synthesis of anthracycline antibiotics.3 9 In their studies, diene 164 has
demonstrated excellent stereoselectivity in Diels-Alder reactions with a number of cyclic
and acyclic dienophiles (Scheme 45).
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Scheme 45: Asymmetric Diels-Alder reaction of Stoodley's diene 164.39
39 (a) Larsen, D.S.; Stoodley, RJ. J. Chem. Soc. Perkin Trans. 11989, 1841 and references cited therein.(b) Gupta, R.C.; Slawin, A.M.Z.; Stoodley, RJ.; Williams, D.J. J. Chem. Soc., Chem. Commun.
1986, 1116.
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An extensive conformational analysis of diene 164 has been undertaken by
Stoodley et al. in both the solid state (X-ray) and solution (nOe.).3 9b The preferred
conformations are believed to be the result of a combination of steric and stereoelectronic
effects. The most intriguing data for our plan involves the preferred conformation of the
diene with respect to the glucose and the anomeric linkage.
Stoodley's X-ray structural data suggests the exo-anomeric effect plays a significant
role in stabilizing the preferred conformer (166). Bond and torsion angles of the anomeric
linkage suggest that 0(1) is somewhat sp2 hybridized, and that its non-bonded p-orbital
electrons are positioned for overlap with both the n* orbital of the planar diene system, and
the a* orbital of the C(1')-0(1') bond (165). Furthermore, nuclear Overhauser effect
differential spectroscopy suggests that, in the preferred conformation, H(1') lies in close
proximity to H(1) rather than the diene methyl group (166).
AcR 2
165
166 CH20Ac
Scheme 46: Preferred conformation of Stoodley's diene. 39b
The combination of steric and stereoelectronic effects serves to limit the mobility of
the anomeric linkage and thus provides a distinct asymmetric environment about the diene.
Subsequently, dienophiles tend to react with diene 164 from the "top face," as shown in
166, to minimize syn 1,3-interactions with the C(1')-O(1') bonds. Diastereoselectivities
from 80% to near 100% attest to the effectiveness of the aforementioned conformational
determinants and the asymmetric environment provided by the chiral glucose moiety of
164.
Comparison of Stoodley's diene (164) with our proposed glucose-silyl diene
(145) suggests guarded optimism regarding the predicted stereoselectivity of our planned
Diels-Alder reaction. Although our diene differs in both its cyclic nature and the possible
presence of bulkier glucose protecting groups, the aforementioned steric and
stereoelectronic effects for diene 145 should still be relevant. Thus, favored dienophile
attack from the "top face" (Scheme 47) would provide the desired diastereoselectivity.
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Scheme 47: Predicted stereoselectivity of glucose-silyl diene 145.
I--.-
4.7 Danisheffsky Glvcosylation
In light of the expected sensitivity of our desired glycosylated dione 143, the
Danishefsky method of glycosylation 40 (Scheme 48) became our first choice due to its
relatively mild conditions and relatively simple synthetic procedure. This methodology
involves stereoselective oxidation of benzyl protected glycal 167 to 1,2-anhydrosugar
169, followed by treatment with zinc(H) chloride and an alcohol substrate. The desired 3-
glycoside (170), with a differentiated 2' position, is typically afforded in good yield.
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Scheme 48: Danishefsky glycosylation methodology.40
The stereoselective oxidation of tri-O-benzyl-D-glucal (167) is effected with
dimethyl dioxirane (168).41 Dioxirane 168 is commonly prepared from a heterogeneous
mixture of commercially available Oxone® (2KHSOs*KHSO 4*K2SO4) in aqueous acetone
buffered by aqueous sodium bicarbonate. The volatile dioxirane is distilled off with a
slight vacuum as the reaction proceeds and is collected as ca. 0.1 M solution in acetone.
Although the yield of dioxirane 168 is quite low (2-4% based on Oxone), scale-up of the
procedure allows relatively easy access to multi-millimolar quantities.
Treatment of glycal (167) with dry dioxirane solution (1.5 equivalents) in
dichloromethane generates the moisture sensitive 1,2-anhydrosugar (169) as a single 13-
epoxide isomer in quantitative yield. The hydrolysis-prone anhydrosugar (169) is not
purified and, after evaporation of volatiles, the crude oxidation product is treated with 2-
methyl-1,3-cyclopentanedione (44) and zinc(ll) chloride in tetrahydrofuran at -78 OC. The
40 (a) Halcomb, R.L.; Danishefsky, SJ. J. Am. Chem. Soc. 1989, 111, 6661. (b) Dushin, R.G.;
Danishefsky, SJ. J. Am. Chem. Soc. 1992, 114, 3471. (c) Gordon, D.M.; Danishefsky, SJ.
Carbohydrate Research, 1990, 206, 361.
41 Adam, W.; Chan, Y.Y.; Cremer, D.; Gauss, J.; Scheutzow, D.; Schindler, M. J. Org. Chem. 1987,
52, 2800 and references cited therein.
reaction is then warmed to room temperature and, although the dione is only grudgingly
soluble in tetrahydrofuran, the reaction proceeds steadily to product over twelve hours.
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The crude reaction mixture contains two glucose anomers (171 and 172) in a ca.
5:1 3:a ratio (ca. 60% total yield), as well as some hydrolyzed anhydro sugar starting
material. The stereochemical assignments of the two glycosides (171 and 172) were
based on coupling constant analysis of the resonances assigned to the anomeric protons.40
The major P-isomer shows a characteristic 7.6 Hz splitting for the resonance at 5.01 ppm
assigned to the anomeric proton, while the minor a-isomer shows a characteristic 3.4 Hz
splitting for the more deshielded assigned anomeric resonance at 5.71 ppm.
Although the desired J3-glycoside (171) can be purified by column chromatography
at this stage, the purification is relatively inefficient due to streaking of the polar
compounds on the column. As a result, we found it more effective to protect the crude
glycosylation mixture and purify the more well-behaved 2' protected glycoside.
Both the benzyl and TBS 2' protected glycosides (173 and 174) were prepared
from alcohol 171. TBS protection of the 2' hydroxyl was effected by treatment with
triethylamine and TBSOTf in tetrahydrofuran at -78 to 0 OC. The TBS-protected glycoside
173 was obtained in 51% yield over three steps from glycal 167 (815 mg scale). The 7.5
Hz coupling constant of the resonance assigned to the anomeric proton at 4.99 ppm is
consistent with the assigned 3-glycoside stereochemistry. 40
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Analogous benzyl protection of alcohol 171 was accomplished by treating the
crude glycosylation product with excess sodium hydride and benzyl bromide in
tetrahydrofuran at 23 oC. The reaction proceeds over several hours to afford the secondary
benzyl 13-glucoside 174 in 48% yield over three steps from glycal 167 (400 mg scale).
Overall, the Danishefsky methodology provides an efficient stereoselective route to
the desired vinylogous glycosides 173 and 174. Since a suitable amount of material could
be obtained quite easily by this route, no efforts were made to investigate alternate
glycosylation strategies.
4.8 Thermodynamic Diene-forming Conditions
Since it was uncertain how amenable glucose esters 173 and 174 would be to
desired alpha deprotonation, both thermodynamic and kinetic conditions were employed for
comparison. Results of the thermodynamic studies are presented in this section.
Thermodynamic diene forming conditions (Scheme 49) entailed addition of excess
TBSOTf to a premixed solution of glucose ester (173 or 174) and excess triethylamine in
tetrahydrofuran at -78 or 0 OC. The reactions were then stirred at 0 OC for approximately
thirty minutes and quenched with excess aqueous sodium bicarbonate. Workup of the
reaction mixture was carried out with aqueous bicarbonate and hexane, following the
workup procedure used for bis(TBS) model diene 47.
OBn ,O excess Et3NOBn
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Scheme 49: Thermodynamic diene-forming conditions.
During the diene forming reaction only starting ester (173 or 174) is visible by
thin-layer chromatography (TLC) analysis due to acid-induced enol ether hydrolysis of the
dienes (175) on silica gel. The hydrolytic sensitivity of the glucose-TBS dienes is
comparable to the behavior of the analogous bis(TBS) model diene 47. Unfortunately, this
diene instability prevented a direct determination of the ratio of desired alpha dienes 176
and 177 to gamma dienes 178 and 179.
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Since the ratio of alpha to gamma dienes could not be ascertained directly from the
crude diene mixture via NMR or TLC, the crude dienes were exposed to Diels-Alder
conditions (with methyl propiolate as the dienophile) in hopes of being able to distinguish
between the corresponding Diels-Alder adducts. Due to the presence of the chiral glucose
moiety, we had expected a maximum of four Diels-Alder diastereomers (two stereoisomers
from each diene, assuming complete regioselectivity).
Treatment of the crude mixture of dienes 176 and 178 (from ester 173) with
methyl propiolate in toluene at room temperature over several hours generated a mixture of
three Diels-Alder adducts (ca. 60% combined yield from glucose-ester 173) along with
recovered starting ester 173 (9%). Although the three Diels-Alder adducts possess
virtually the same Rf value on TLC, careful separation by column chromatography did
furnish separation of the slightly less polar minor isomer from the two inseparable major
diastereomers.
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Predictably, we were unable to distinguish Diels-Alder adducts of the desired alpha
diene (176) from those of the undesired gamma diene (178) directly by spectral analysis
(IR, NMR, MS). Thus, the Diels-Alder products were to be subject to acidic hydrolysis
conditions in an effort to hydrolyze the enol ether functionality and reveal the diene of
origin by observing which group remains at the tertiary hydroxyl of the corresponding
methyl ketone derivative.
Exposure of the two major inseparable diastereomers 181 and 182 (3:1) to
aqueous hydrochloric acid in tetrahydrofuran resulted in smooth and complete conversion
to a single aglycone, characterized as methyl ketone 183 (81%), and a protected glycoside,
characterized as 184 (92%). Methyl ketone 183 is spectroscopically identical to the acid
hydrolysis product of model [2.2.1] TBS-enol ether 48.
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This result firmly establishes the two major inseparable Diels-Alder adducts as
possessing the configuration shown in 181 and 182. Ketone 183 and glycoside 184
correspond to enol ether hydrolysis products of the two undesired Diels-Alder
stereoisomers (181,182), both arising from undesired gamma diene 178 (Scheme 50).
Once the chiral glucose-enol ether moiety is removed, the aglycone portions of 181 and
182 become enantiomers and thus spectroscopically (NMR) indistinguishable as 183.
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Scheme 50: Tracing diene of origin through enol ether hydrolysis.
Although the minor separable Diels-Alder adduct (180) was not amenable to acidic
hydrolysis of the enol ether, it was subject to further chemical manipulation in an effort to
establish the enol ether configuration. The sensitive unsaturated ester of 180 was first
reduced to the corresponding endo saturated ester by treatment with lithium
triethylborohydride in tetrahydrofuran at -78 oC, followed by further reduction to saturated
alcohol 185 with lithium triethylborohydride in tetrahydrofuran at 0 OC. Saturated alcohol
185 was characterized by proton NMR (500 MHz).
I.-LEt3BH -OH
THF, -78 OC
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83% 185
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The more robust saturated alcohol (185) was then subject to the standard acid
hydrolysis conditions, and yielded glycosidic methyl ketone 186 in 50% yield. This
methyl ketone (186) was characterized by 1H NMR, and is consistent with a product
derived from the desired alpha diene 176. We are, however, still uncertain if the single
kinetic diastereomer obtained from diene 176 possesses the desired relative
stereochemistry, and an X-ray crystal structure would be necessary to unequivocally
answer this question.
The crude thermodynamic diene mixture from 2' benzyl glycoside 174 was also
exposed to Diels-Alder conditions with methyl propiolate. Reaction at room temperature
over several hours generated a mixture of four Diels-Alder products (46% combined yield
from glucose ester 174). The two slightly more polar minor adducts (189,190) were
separable by column chromatography, however, the two major adducts (187,188) were
inseparable and were characterized together as a 1.3:1 mixture.
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As before, the Diels-Alder adducts were subject to acidic hydrolysis to reveal the
enol ether substituent and, from that information, the diene of origin (177 or 179).
Treatment of the two inseparable major adducts (187,188) to aqueous hydrochloric acid in
tetrahydrofuran again resulted in smooth conversion to a single aglycone (183) in 89%
yield, as well as a 2' benzyl protected glycoside (191) in 94% yield. The two major Diels-
Alder adducts are therefore revealed again to be products of the undesired gamma diene
179.
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The two minor Diels-Alder adducts (189,190) were, as with 180, not amenable to
acidic hydrolysis. As such, their characterization remains somewhat incomplete, although
all data thus far points to their assigned structures as Diels-Alder adducts of desired diene
177. If these assignments are correct, the formation of two stereoisomers from the desired
2' benzyl diene 177 in a near 1:1 ratio contrasts with the virtually complete stereoselectivity
observed for the 2' TBS diene 176. These results would not, however, be inconsistent
with the model proposed for diene stereoselectivity in Scheme 47.39
The benzyl group at the 2' position of 177 may take advantage of its ability to
achieve I-stacking stabilization with the diene a system (Scheme 51), and thus shield the
desired face of diene 177 to some extent. Attack of the dienophile from the bottom face of
the diene 177 then becomes competitive with desired attack from the top face as shown,
resulting in the observed mixture of diastereomers. The TBS group at the 2' position of
176, however, is unable to appreciably shield the desired face of the diene in the proposed
"I
Diels-Alder conformation (Scheme 51), leading to the observed stereoselectivity based on
previously discussed steric and stereoelectronic factors.
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Scheme 51: Possible origins of stereoselectivity differences for 177 and 176.
In summary, thermodynamic diene-forming conditions (triethylamine, TBSOTf)
were shown to afford a distinct preference for the undesired gamma dienes 178 and 179
instead of the desired alpha dienes 176 and 177, via analysis of the corresponding Diels-
Alder cycloadducts and their enol ether hydrolysis products. Although Diels-Alder reaction
of the desired 2' TBS diene 176 appeared to proceed with complete stereoselectivity, the
absolute stereochemistry of the resulting single Diels-Alder adduct (180) could not be
verified. An X-ray crystal structure of some suitably crystalline derivative would be
necessary to unquestionably determine the relative stereochemistry of 180.
4.9 Kinetic Diene-forming Conditions
Since thermodynamic conditions were shown to result in an undesirable
regioselectivity of diene formation, standard kinetic conditions were applied in hopes of
improving the ratio of desired alpha diene 176 to undesired gamma diene 178. Initial
efforts utilized an excess of both kinetic base and electrophile. In these runs, glucose ester
173 was added to a -78 oC solution of excess of LDA (2-4 equiv.) and excess TBSOTf in
S176 CH20R
~716
4
wo
tetrahydrofuran. Inverse addition to an excess of kinetic base was intended to avoid
equilibration of the incompletely formed enolate during addition.
Thin-layer chromatographic (TLC) analysis of the reactions at this stage, however,
revealed something quite unexpected. Two much less polar products were visible on TLC,
and were resistant to desilation even upon prolonged exposure to silica gel. This behavior
was contrary to that observed for the glucose-silyl dienes under thermodynamic conditions
(triethylamine, TBSOTf), where the dienes were not visible at all by TLC. After quenching
with aqueous sodium bicarbonate and workup as usual, the two products were purified by
column chromatography. Characterization revealed the products to be two isomers of
carbon silation on the five membered ring (192a,b).
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(49% recovered 173)
The two isomers (192a,b) were recovered in 28% yield along with significant
amounts of recovered ester starting material 173 (49%). Analogous C-silated products
were obtained using triethylsilyl trifluoromethanesulfonate and trimethylsilyl chloride as the
electrophiles. It remains uncertain, however, whether the two C-silated isomers obtained
in these reactions (192a,b) are stereo or regioisomers.
Despite the presence of the C-silated compounds, the crude diene mixtures were
carried directly to the Diels-Alder reaction with methyl propiolate in toluene. Column
chromatography purification and spectroscopical analysis of the partially purified products
revealed the presence of four Diels-Alder products. These products were characterized as
the two inseparable glucose-enol ether stereoisomers 181 and 182 (29%) arising from
undesired gamma diene 178, and two inseparable C-silated isomers 193 and 194 (13%).
None of the Diels Alder adduct arising from desired a-diene 176 was observed.
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The formation of the undesired C-silation and, very likely the absence of the desired
Diels-Alder adducts (180), can be attributed to the use of excess kinetic base and
electrophile in these reactions. Upon addition of glucose ester 173 to premixed excess
LDA and TBSOTf at -78 OC, initial proton abstraction can occur either alpha or gamma to
the carbonyl, forming enolates 195 and 196.
OBn OBn
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Rapid reaction of the two enolates (195 and 196) with silyl electrophile at -78 OC
generates the two corresponding silyl enol ethers 197 and 198 (Scheme 52). At this
stage, abstraction of a cycopentadiene methylene proton may occur quite readily in the
presence of excess LDA at -78 OC, forming the rapidly equilibrating cyclopentadienyl anion
199. (Cyclopentadienes typically have relatively acidic pKas around sixteen, due to the
aromatic nature of the resulting anion.3 7 In addition, the presence of electron-withdrawing
oxygen substituents in 197 and 198 would likely increase this acidity even further.)
Significantly, anion 199 would erase any regioselective bias of the initial diene formation.
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Scheme 52: Base induced equilibration and TBS alkylation of dienes
In the presence of excess silyl electrophile, cyclopentadiene anion 199 may trap a
silyl group at one of the two unsubstituted ring carbons to afford C-silated diene 200.
(Although further deprotonation of C-silated diene 200 by excess LDA is possible, no
evidence of further silation is observed.) When purified by column chromatography at this
stage, C-silated diene 200 is hydrolyzed to the C-silated vinylogous ester diastereomers
201a and 201b. Alternately, if the reaction mixture containing C-silated diene (200) is
worked-up and reacted directly with a dienophile, formation of two corresponding C-
silated Diels-Alder diastereomers (193,194) are observed. It is uncertain whether the two
C-silated Diels-Alder adducts 193 and 194 are merely stereoisomers or the products of
two regioisomeric dienes.
OR"
R3Si
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193,194
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Protonation of anion 199 upon quenching at -78 OC would generate a mixture of
the two glucose-silyl dienes (197,198) independent of the regioselectivity of the original
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kinetic deprotonation. The observed ratio of Diels-Alder adducts from these dienes is thus
not likely to be representative of the actual ratio formed initially under kinetic deprotonation
conditions. Further refinement of the kinetic conditions to lessen the possibility of kinetic
base-induced diene deprotonation was thus initiated.
4.10 Refined Kinetic Conditions
Undesired C-silation and base induced isomerization of the glucose-silyl
cyclopentadiene (Scheme 52) in the presence of excess kinetic base prompted a refinement
of the kinetic conditions. It was hoped that a procedure utilizing fewer equivalents of
kinetic base could bypass problems associated with cyclopentadiene deprotonation and thus
afford a true kinetic ratio of silyl dienes 176 and 178, and the corresponding Diels-Alder
adducts 180, 181 and 182.
Initially, the equivalents of LDA were lowered to just over one equivalent. Glucose
ester 173 was added to 1.1 equivalent of LDA at -78 OC in tetrahydrofuran, treated with
excess TBSOTf, and quenched at -78 oC, followed by sodium bicarbonate-buffered
extractive workup and Diels-Alder reaction of the crude diene product with methyl
propiolate in toluene at 23 oC. Similar to the "first generation" conditions, a mixture
containing a majority of the undesired gamma diene-derived Diels-Alder diastereomers 181
and 182 (40%, 3:1 ratio), and a smaller amount of the desired alpha diene-derived isomer
180 (12%, one diastereomer observed) as well as some recovered starting ester 173
(13%). No products of C-silation were observed.
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Although the use of 1.1 equivalents of LDA suppressed the undesired C-silated
side-products (193,194), the observed Diels-Alder product ratio differed little from the
thermodynamic and first-generation kinetic conditions. This undesirable ratio may be due
to the fact that the initially formed silyl dienes are still exposed to a small excess of kinetic
base (ca. 0.1 equivalent) under these conditions. Since only a small amount of kinetic base
is theoretically necessary to result in complete scrambling of the diene mixture via catalytic
proton transfer (Scheme 53), the observed product ratio using 1.1 equivalents LDA may,
once again, fail to represent the true kinetic ratio from LDA deprotonation.
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Scheme 53: Diene scrambling via catalytic proton transfer.
This catalytic scrambling hypothesis prompted further refinement of conditions in
an attempt to completely suppress kinetic base-induced scrambling of the true kinetic diene
ratio. The use of "one equivalent" of kinetic base was deemed unwise, since even a slight
excess of LDA could conceivable cause diene scrambling. Thus, 0.8 equivalents of kinetic
base were utilized, along with a slight excess of silyl electrophile. Under these conditions,
LDA was added to a premixed solution of ester 173 and TBSOTf in order to encourage
instantaneous formation of the silyl enol ether and avoid possible enolate-carbonyl
equilibration.
In practice, glucose ester 173 and a slight excess of TBSOTf (1.5 equivalents)
were premixed at -78 oC in tetrahydrofuran, followed by the slow addition of 0.8
equivalents of LDA. Quenching at -78 oC, extractive workup with aqueous sodium
bicarbonate, and reaction of the crude diene mixture with methyl propiolate in toluene
generated Diels-Alder adducts which were partially separated and characterized by proton
NMR. These conditions resulted in a slight increase in the alpha diene-derived Diels-Alder
adduct 180 (22%, one isomer observed, unknown absolute stereochemistry), however,
the majority of product remained the undesired gamma diene-derived Diels-Alder adducts
181 and 182 (49%, two diastereomers). Again, no products of C-silation were observed.
Similar results were obtained using the same procedure with LDA/trimethylsilyl chloride
(17% thermodynamic, 17% kinetic) and lithium tetramethylpiperidide/TBSOTf (49%
thermodynamic, 22% kinetic).
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Although this procedure was intended to reduce the likelihood of diene
deprotonation and scrambling, it is possible that scrambling may have occurred despite our
efforts. As LDA was added, the rate of deprotonation of the initially-formed dienes (176
and 178) may have been competitive with deprotonation alpha to the carbonyl of 173, and
subsequent scrambling of the dienes may then have occurred to some extent.
We were thus prompted to audition one final experimental variation in order to
completely rule out kinetic base-induced diene scrambling and obtain the true kinetic diene
ratio. Addition of ester 173 to less than one equivalent LDA would afford a mixture of
lithium enolates (195 and 196) and undeprotonated starting material. Addition of TBSOTf
would then form the corresponding silyl dienes (176 and 178), which would never be
exposed to kinetic base.
In practice, ester 173 was added to 0.8 equivalents LDA at -78 OC, followed by the
addition of 1.0 equivalent TBSOTf. The reaction was quenched at -78 OC, worked-up as
usual, and exposed to the standard Diels-Alder conditions with methyl propiolate.
Chromatography yielded a 29% yield of desired ester 180, along with 45% of undesired
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esters 181 and 182. Thus, although the yield of 180 was somewhat improved, we were
still unable to achieve a synthetically useful improvement.
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Although the above procedure was intended to prevent the silyl-glucose dienes
(176,178) from coming in contact with any kinetic base, other problems may have arisen.
Due to incomplete deprotonation of ester 173, proton exchange with the lithium enolates is
distinctly possible. Such equilibration could cause scrambling of the initial kinetic enolate
mixture prior to addition of the silating agent (Scheme 54), resulting in the observed low
yield of desired adduct (180) arising from alpha enolate 195.
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Scheme 54: Enolate equillibration.
In summary, the use of a large excess of kinetic base, somewhat predictably,
caused additional deprotonation of the initially formed dienes. This additional
deprotonation resulted in some C-silation, but more importantly, it likely caused scrambling
of the initial diene mixture and afforded none of the desired Diels-Alder adduct 180.
The use of just over one equivalent of kinetic base eliminated C-silation, however,
the resulting diene regioselectivity remained unacceptable. Although not proven by the
presence of C-silated products, additional diene deprotonation and the resulting catalytic
scrambling of the dienes was still possible under these conditions due to the slight excess
of kinetic base.
The next few approaches utilized less than one equivalent of kinetic base to
eliminate the possibility of excess base-induced diene scrambling. Although the yield of
the desired Diels-Alder adduct (180) was increased to near 30% under these conditions, no
additional improvements could be achieved, and the glucose-diene Diels-Alder strategy
remains impractical at this point.
Assuming that kinetic deprotonation is favored at the position alpha to the carbonyl
of 173 (although we have no experimental data to prove this), we are faced with serious
logistical problems preventing further deprotonation of the quite acidic cyclopentadiene
during and after deprotonation of 173. The order of addition and relative rates of
deprotonation become very important in this regard, and further experimentation would be
needed to determine the exact source of our failure to obtain diene 176 as the major
product.
Of course, it is entirely possible that kinetic deprotonation of 173, like the
thermodynamic deprotonation with triethylamine, is favored at the undesired gamma
position. This scenario would seriously undermine our planned route. It is also possible,
although not likely, that [1,5]-hydride migration or weak base-induced diene isomerization
are facile under the basic conditions required for diene workup. There is, however, no data
to support these possibilities at the present time.
Experimental Section
General Procedures: Reaction mixtures were stirred using a magnetic stirring apparatus
unless otherwise indicated. All moisture or air sensitive reactions were carried out under a
positive pressure of argon, and were performed in glassware that was oven and / or flame
dried. Solvents and liquid reagents were transferred via syringe or cannula. Reactions
were monitored by thin layer chromatography as described below. Organic solvents were
removed through concentration using a Btichi rotary evaporator at 20 - 40 mmHg.
Materials : Commercial solvents and reagents were used without further purification with
the following exceptions:
Solvents
Benzene was distilled under argon from calcium hydride.
Deuteriochloroform was stored over granular anhydrous potassium carbonate.
Dichloromethane was distilled under nitrogen from phosphorus pentoxide.
N,N-Diisopropylamine was distilled under nitrogen from calcium hydride.
N,N-Dimethylformamide was stored over activated 4A molecular sieves.
Ethyl ether was distilled under argon from sodium benzophenone ketyl.
Hexanes were distilled under nitrogen from calcium hydride.
Pyridine was distilled under argon from calcium hydride.
Tetrahydrofuran was distilled under argon from sodium benzophenone ketyl.
Toluene was distilled under nitrogen from calcium hydride.
Triethylamine was distilled under nitrogen from calcium hydride.
Reagents
N-Bromosuccinimide was recrystallized from hot water.
n-Butyllithium in hexanes was titrated prior to use with s-butanol in tetrahydrofuran
at 0 OC using 1,10 - phenanthroline as an indicator.42
Lithium diisopropylamide was prepared by the addition of 2.47 M n-butyllithium
(4.05 mL) to a solution of N,N-diisopropylamine (1.54 mL) in tetrahydrofuran (4.41 mL)
at -78 OC followed by warming to 0 oC. The molarity was determined by titration with s-
butanol in tetrahydrofuran at 0 OC using 1,10-phenanthroline as an indicator.
Tetrabutylammonium flouride was dehydrated prior to use by azeotropic removal of
2:1 tetrahydrofuran / toluene at 15 - 20 mmHg and 23 OC from the commercially available
1.OM solution in tetrahydrofuran.
Chromatography
Flash column chromatography was performed using EM silica gel of particle size
0.040 - 0.060 mm. HPLC grade solvents were used.
Thin layer chromatography (TLC) was performed as an analytical tool using Baker
high performance precoated glass silica gel (SiO2, approx. 5p.m particle size) plates (200
gm thickness). The plates were assimilated with 254 nm fluorescent indicator. The
procedure used was to elute using the solvent mixture indicated in the text, followed by an
observation by illumination with a 254 nm ultraviolet light, and staining by dipping in an
ethanolic solution of 2.5% p - anisaldehyde (3.5 % sulfuric acid and 1.0 % acetic acid)
followed by heating on a hot plate.
Preparative thin layer chromatography was performed by using EM precoated silica
gel plates (SiO2, 0.5 mm thickness) assimilated with 254 nm fluorescent indicator. The
procedure followed was to elute with the solvent mixture indicated in the text, followed by
observing the band with a 254 nm ultraviolet light. The desired band was scraped off the
42 Watson, S.C.; Eastham, J.F. J. Organomet. Chem. 1967, 9, 165.
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plate using a clean metal blade, and the silica gel was powdered and placed in a glass
column. The product was extracted by several elutions with ether or dichloromethane.
Physical Data
Melting points were determined on a Fischer - Johns hot stage apparatus and are
uncorrected.
FTIR spectra were recorded on a Perkin-Elmer spectrometer equipped with an
internal polystyrene sample as a reference.
1H NMR were recorded on either a Bruker AC 250 MHz spectrometer, a Varian
Gemini 300 MHz spectrometer, a Varian XL 300 MHz spectrometer, a Varian Unity 300
MHz spectrometer or a Varian VXR 500 MHz spectrometer. Chemical shifts are reported
as 8 in units of parts per million (ppm) downfield from tetramethylsilane (8 0.0) using the
residual chloroform signal (86 7.26) or benzene signal (8 7.16) as a standard. Multiplicities
are reported in the following abbreviations: s (singlet), d (doublet), t (triplet), q (quartet),
m (multiplet), bs (broad singlet), bd (broad doublet), dd (doublet of doublets), ddd
(doublet of doublets of doublets), etc.
13C NMR were recorded on a Varian 300 NMR at 75 MHz. The
deuteriochloroform signal (8 77.01) was used as a standard.
Mass spectra and high resolution mass spectra (HRMS) were recorded on a
Finnigan MAT System 8200, double focusing, magnetic sector, mass spectrometer. The
spectra were recorded using either electron impact (EI), generating (M++1), or fast atom
bombardment (FAB) with sodium iodide in 3-nitrobenzyl alcohol, generating (M+Na+).
Spectra were recorded in units of mass to charge (m/e).
All compounds were judged to be greater than or equal to 95% pure based on their
1H NMR spectra except where indicated.
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Bis(silyloxy) Diene 47
2-methyl-1,3-cyclopentanedione (44) (42.8 mg, 0.382 mmol) was suspended in
tetrahydrofuran (2 mL) under argon in a 10 mL round-bottomed flask with stirbar.
Triethylamine (0.532 mL, 10 equiv.) was added and the solution stirred 5 minutes at 23 OC
until all solid dissolved. After cooling to -78 OC, tert-butyldimethylsilyl
trifluoromethanesulfonate (TBSOTf) (0.219 mL, 2.5 equiv.) was added dropwise over 2
minutes into the faintly yellow solution, and stirred for 10 minutes at -78 oC. After
warming to 0 OC over 10 minutes, the reaction mixture was stirred for an additional 30
minutes. The reaction was diluted with hexanes (5 mL), and poured into ice cold saturated
aqueous sodium bicarbonate (20 mL). Extraction with 20% diethyl ether/hexane (2 X 40
mL), followed by filtration through anhydrous magnesium sulfate (pretreated with 2%
triethylamine/hexane) and concentration yielded the crude diene 47 as a pale yellow oil
which slowly crystallized upon pumping under vacuum for several hours (Note: It is
advisable to pump-off as much triethylamine as possible from the crude diene before
proceeding to the next step.). The crude diene was used without further purification in the
next reaction: bp 88-89 OC (0.005 mmHg); 1H NMR (250 MHz, CDC13) 5 4.52 (dd, 1H, J
= 2.2, 2.2 Hz, vinyl), 2.65-2.81 (m, 2H, CH 2 ), 1.65 (bs, 3H, Me), 0.95 (s ,18H,
SiCMe3 X 2), 0.17 (s, 6H, SiMe X 2), 0.14 (s, 6H, SiMe X 2).
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Crude Diene 47 (from procedure above) was dissolved in toluene (2 mL) under
argon in a 10 mL round-bottomed flask. Methyl propiolate (0.100 mL, 2.9 equiv.) was
added and the reaction was stirred overnight at 23 OC. Volatiles were removed under
vacuum and the product was purified by chromatography (SiO2, 3% ethyl acetate/hexanes)
to yield ester 48 (151.4 mg, 93% from dione 44) as a colorless oil: Rf0.56 (10% ethyl
acetate/hexanes); FTIR (thin film, cm-') 2930, 2895, 2858, 1727 (vo.), 1683, 1590, 1473,
1434, 1362, 1302, 1255, 1202, 1154, 1123, 1097, 1024, 918, 839, 777, 677; IH NMR
(300 MHz, CDC13) 8 7.50 (dd, IH, J = 0.7, 3.5 Hz), 3.70 (s, 3H, Me), 3.03 (ddd, 1H, J
= 1.8, 1.8, 3.6 Hz), 2.45 (dd, 1H, J = 2.0, 5.2 Hz), 2.29 (ddd, 1H, J = 1.0, 1.6, 5.2
Hz), 1.60 (s, 3H, Me), 0.93 (s, 9H, SiCMe 3), 0.92 (s, 9H, SiCMe3), 0.10 (s, 3H,
SiMe), 0.09 (s, 3H, SiMe), 0.06 (s, 3H, SiMe), 0.03 (s, 3H, SiMe); 13C NMR (75 MHz,
C6H6) ppm 165.0, 161.2, 152.0, 151.9, 123.7, 91.4, 74.6, 50.7, 49.2, 26.1, 25.7,
18.4, 18.1, 8.9, -2.9, -3.1, -4.1, -4.2; HRMS (EI) calcd C22H40oO4Si2 (M+) 424.2465,
obsd 424.2464.
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Saturated endo ester 49
Unsaturated ester 48 (151.4 mg, 0.356 mmol) was dissolved in anhydrous
methanol (3 mL) in a 10 mL round-bottomed flask. Solid sodium borohydride (17 mg, 1.3
equiv.) was added with stirring at room temperature. After 30 minutes, additional sodium
borohydride (27 mg, 2 equiv.) was added every 30 minutes for two hours (11.3 equiv.
total) and the reaction was stirred an additional two hours until thin-layer chromatography
showed complete consumption of starting material. The reaction was quenched with
saturated aqueous sodium bicarbonate (2 mL), poured into cold saturated aqueous sodium
bicarbonate (50 mL) and extracted with diethyl ether (3 X 75 mL), followed by filtration
through anhydrous magnesium sulfate and concentration. Purification by chromatography
(SiO2, 1-2% ethyl acetate/hexanes) afforded saturated endo ester 49 (141.9 mg, 93%) as a
colorless oil: Rf 0.35 (5% EtOAc/hexanes); FTIR (thin film, cm -1) 2930, 2858, 1736
(vco), 1673, 1473, 1435, 1335, 1303, 1253, 1211, 1165, 1079, 986, 837, 779; 1H NMR
(300 MHz, CDC13) 8 3.61 (s, 3H, CO 2Me), 2.84 (dd, 1H, J = 4.8, 9.3 Hz), 2.44-2.40
(m, 1H), 1.99 (ddd, 1H, J = 3.8, 9.3, 11.8 Hz), 1.79 (ddd, 1H, J = 2.6, 4.8, 11.9 Hz),
1.57 (dd, 1H, J= 1.8, 7.0 Hz), 1.52 (ddd, 1H, J = 2.2, 2.2, 7.0 Hz), 1.38 (s, 3H, Me),
0.93 (s, 9H, SiCMe3), 0.91 (s, 9H, SiCMe 3), 0.15 (s, 3H, SiMe), 0.15 (s, 3H, SiMe),
0.11 (s, 3H, SiMe), 0.05 (s, 3H, SiMe); 13C NMR (75 MHz, CDC13) ppm 175.1, 152.9,
115.3, 90.7, 54.2, 51.2, 49.2, 41.9, 31.8, 25.7, 18.1, 18.1, 7.8, -2.8, -3.3, -4.0, -4.1;
HRMS (EI) calcd C22H420 4Si2 (M+) 426.2622, obsd 426.2621.
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49 50
MW 426.75 MW 398.74
Alcohol 50
Ester 49 (132.6 mg, 0.311 mmol) was dissolved in tetrahydrofuran (2 mL) under
argon in a 10 mL round-bottomed flask with stirbar, and the flask was cooled to -78 oC. A
solution of lithium triethylborohydride in tetrahydrofuran (1.0 M, 0.932 mL, 3.0 equiv.)
was added slowly down the inside of the flask and rinsed with tetrahydrofuran (0.5 mL).
The reaction was stirred for 30 minutes at -78 OC, allowed to warm to 0 OC over 10
minutes, and stirred an additional 45 minutes at 0 OC. The reaction was quenched by the
slow addition of saturated aqueous sodium bicarbonate, poured into cold saturated aqueous
sodium bicarbonate (50 mL), and extracted with diethyl ether (3 X 75 mL), followed by
filtration through anhydrous magnesium sulfate and concentration. Methanol (50 mL) was
then added to the crude concentrate and rotary evaporated to break up the borate complex.
Chromatography (SiO 2, 5-7% ethyl acetate/hexanes) afforded alcohol 50 (116.1 mg, 94%)
as a colorless oil: Rf0.35 (10% ethyl acetate/hexanes); FTIR (thin film, cm-1) 3541, 2956,
2858, 1673, 1471, 1389, 1333, 1253, 1148, 1078, 1006, 922, 837, 771, 675; 1H NMR
(300 MHz, CDC13) 8 3.55 (ddd, 1H, J = 5.0, 8.9, 10.5 Hz), 3.31 (dd, 1H, J = 10.7,
10,7 Hz), 3.03 (d, 1H, J = 8.8 Hz, OH), 2.38-2.35 (m, 1H), 2.31 (ddd, 1H, J = 5.0,
5.0, 9.9, 10.2 Hz), 1.94 (ddd, 1H, J = 4.0, 9.5, 11.6 Hz), 1.61 (s, 4H, Me + CH), 0.93
(s, 9H, SiCMe 3), 0.90 (s, 9H, SiCMe 3), 0.91-0.83 (m, 1H), 0.74 (dd, 1H, J = 4.7, 11.6
Hz), 0.12 (s, 3H, SiMe), 0.11 (s, 3H, SiMe), 0.10 (s, 3H, SiMe), 0.09 (s, 3H, SiMe);
13C NMR (75 MHz, CDC13) ppm 153.2, 114.8, 90.6, 66.7, 53.5, 46.3, 42.1, 30.7,
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25.8, 25.7, 18.1, 17.9, 8.9, -2.7, -3.3, -4.1, -4.1; HRMS (EI) calcd C2 1H 4203 Si2 (M+)
398.2673, obsd 398.2671.
-- ()p
03, then Et3N, Me 2S
CH 2CI 2/CH 30H
0 to -78 C
50 51
MW 398.74 MW 316.48
Acid 51
Alcohol 50 (73.5 mg, 0.184 mmol) was dissolved in dichloromethane (3 mL) and
methanol (3 mL) in a 25 mL round-bottomed flask and degassed with a stream of oxygen
(2 minutes). After cooling to -78 oC, a dilute stream of ozone (from a Wellsbach generator)
was bubbled into the solution until a blue color remained (0.1 kg/cm2, 1.0 SLPM, 70V for
2 minutes). A stream of oxygen was again bubbled through the solution at -78 OC until
colorless, and triethylamine (0.13 mL, 5 equiv) was added and stirred for 10 minutes.
Dimethyl sulfide (0.50 mL, 37 equiv.) was added and the soultion was allowed to warm to
room temperature over 10 minutes and was stirred an additional 36 hours. The reaction
mixture was reduced by rotary evaporation to remove volatiles, diluted with
dichloromethane (40 mL) poured into IN hydrochloric acid (40 mL) and extracted with
dichloromethane (3 X 40 mL), followed by filtration through anhydrous magnesium sufate
and concentration to a pale yellow oil (which slowly crystallizes) containing the crude acid
51 which was used without further purification in the next reaction: Rf 0.57 (25%
tetrahydrofuran/dichloromethane).
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HO MeO
78% from 50
51 52a,b
MW 316.48 MW 330.50
Esters 52a,b
The crude acid 51 from the above reaction (ca. 0.184 mmol) was dissolved in
anhydrous N,N-dimethylformamide (2 mL) in a 10 mL round-bottomed flask equipped
with a stirbar, and the flask was cooled to 0 oC in an ice bath. Solid potassium carbonate
(92 mg, 3.6 equiv.) was added, followed by dropwise addition of methyl iodide (0.024
mL, 2.1 equiv.). The reaction was stirred 30 minutes at 0 oC and then warmed to 23 OC
and stirred an additional 7 hours. The reaction mixture was cooled to 0 oC, diluted with 1/1
ether/hexane (5 mL), poured into saturated aqueous sodium bicarbonate, and extracted with
1/1 ether/hexane (3 X 40 mL). The organic extracts were dried by filtration through
anhydrous magnesium sulfate and concentrated. Purification by chromatography (SiO2,
10-60% ethyl acetate/hexanes) afforded pure samples of methyl esters 52a and 52b (47.6
mg, 3.5:1 ratio, 78% from alcohol 50, two steps) as white crystalline solids.
Major lactol 52a: (Rf 0.91, 45% ethyl acetate/hexanes); FTIR (thin film, cm-1)
3535, 2953, 2857, 1737 (Vco), 1464, 1381, 1249, 1171, 1103, 970, 888, 837, 780; 1H
NMR (300 MHz, CDC13) 8 4.11 (dd, 1H, J = 8.8, 8.8 Hz), 3.67 (s, 3H, CO2Me), 3.44
(dd, 1H, J = 4.7, 9.2 Hz), 3.27-3.13 (m, 1H), 3.00 (d, 1H, J = 1.8 Hz, OH), 2.50-2.36
(m, 2H), 1.96 (dd, 1H, J = 6.5, 12.9 Hz), 1.84 (ddd, 1H, J = 1.9, 12.5, 12.7 Hz), 1.66
(dd, 1H, J = 8.2, 9.5 Hz), 1.39 (s, 3H, Me), 0.88 (s, 9H, SiCMe3), 0.16 (s, 3H, SiMe),
0.16 (s, 3H, SiMe); 13C NMR (75 MHz, CDCI3) ppm 176.2, 105.4, 93.5, 72.3, 52.0,
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49.1, 45.1, 38.9, 35.6, 26.0, 21.4, 18.2, -2.8, -3.5; HRMS (EI) calcd C16H3 oOs5Si (M+)
330.1863, obsd 330.1862.
Minor lactol 52b: (Rf 0.67, 45% ethyl acetate/hexanes); FTIR (thin film, cm- 1)
3483, 2953, 2856, 1737 (vco), 1472, 1437, 1360, 1254, 1195, 1126, 1040, 955, 836,
777, 668; 1H NMR (300 MHz, CDC13) 6 4.17 (dd, 1H, J=7.7, 9.0 Hz), 3.67 (s, 3H,
CO 2Me), 3.48 (s, 1H, OH), 3.43 (dd, 1H, J=2.7, 9.0 Hz), 3.15-3.09 (m, 1H), 2.52-2.33
(m, 2H), 2.08-1.88 (m, 2H), 1.74-1.54 (m, 1H), 1.39 (s, 3H, Me), 0.87 (s, 9H,
SiCMe 3), 0.16 (s, 3H, SiMe), 0.16 (s, 3H, SiMe); 13C NMR (75 MHz, CDC13) ppm
175.4, 103.6, 95.4, 71.0, 52.1, 49.6, 45.1, 40.9, 36.7, 25.9, 22.0, 18.4, -2.6, -2.6.
TBS
0
II TBSO
LiCH 2P(OMe)2  OH
THF, -78 OC O
MeO 98% PO(OMe) 2
52 53
MW 330.50 MW 422.53
Phosphonate 53
A 500 mL round-bottomed flask was charged with tetrahydrofuran (100 mL) and
cooled to -78 OC. A 2.55 M solution of n-butyllithium in hexanes (14.2 mL, 36.21 mmol,
4 equiv.) was added, followed by slow addition of dimethyl methanephosphonate (4.12
mL, 38.02 mmol, 4.2 equiv.) dropwise over 5 minutes, and stirring for an additional 20
minutes at -78 OC. A solution of ester 52a (2.995 g, 9.062 mmol) dissolved in
tetrahydrofuran (30 mL) was added slowly by cannula down the sides of the flask over 15
minutes, and washed with tetrahydrofuran (2 X 2 mL). After stirring 45 minutes at -78
OC, the reaction was quenched by the addition of saturated sodium bicarbonate (25 mL),
dilution with ethyl acetate (50 mL), and subsequent warming to room temperature. The
mixture was rotary evaporated to remove most of the tetrahydrofuran and redissolved in
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ethyl acetate (50 mL). Extraction of the organics with saturated aqueous sodium
bicarbonate (70 mL) with ethyl acetate (4 X 70 mL), filtration through anhydrous
magnesium sulfate, and concentration yielded a crude oil which was purified by
chromatography (short plug SiO 2, 60-100% ethyl acetate/hexanes) to give phosphonate 53
(3.75 g, 98%) as a colorless oil which slowly crystallizes (Note: followed same
procedure with minor ester-lactol 52b, 95% yield, 640 mg): Rf 0.35 (85% ethyl
acetate/hexanes); FTIR (thin film, cm- 1) 3544, 3397, 2954, 2856, 1711 (v,,), 1472, 1379,
1255, 1186, 1105, 1032, 973, 885, 835, 779; 1H NMR (300 MHz, CDC13) 8 4.07 (dd,
1H, J =9.0, 9.0 Hz), 3.78 (s, 3H, OMe), 3.74 (s, 3H, OMe), 3.58-3.44 (m, 1H), 3.37
(dd, 1H, J =4.9, 8.8 Hz), 3.12 (d, 2H, J = 22.5 Hz, keto-phos CH2), 2.98 (d, 1H, J =
2.1 Hz, OH), 2.46-2.33 (m, 2H), 1.89 (dd, 1H, J = 6.3, 12.8 Hz), 1.77 (ddd, 1H, J =
2.0, 12.3, 12.6 Hz), 1.61 (dd, 1H, J = 9.7, 9.7 Hz), 1.36 (s, 3H, Me), 0.86 (s, 9H,
SiCMe 3), 0.14 (s, 3H, SiMe), 0.13 (s, 3H, SiMe); 13C NMR (75 MHz, CDC13) ppm
203.5, 105.0, 93.1, 71.8, 53.7 (d, J = 2.6 Hz), 53.0 (dd, J = 5.8, 5.8 Hz), 48.6, 41.5,
39.7, 37.7, 34.1, 25.7, 21.1, 17.9, -3.1, -3.8; HRMS (EI) calcd C18H3507SiP (M+)
422.1890, obsd 422.1891.
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UPO(OMe) 2  93% - PO(OMe) 2
53 54
MW 422.53 MW 536.80
TBS Ether 54
Phosphonate 53 (585.8 mg, 1.39 mmol) was dissolved in N,N-
dimethylformamide (10 mL) under argon in a 25 mL round-bottomed flask with stirbar and
cooled to -5 OC. Imidazole (763 mg, 8.1 equiv.) was added as a solid and the reaction was
stirred 5 minutes until all solid dissolved. Tert-butyldimethylsilyl chloride (419 mg, 2.0
equiv.) was added as a solid, and stirred 10 minutes at -5 OC, followed by 3 days at room
temperature. The mixture was poured into cold saturated aqueous sodium bicarbonate (50
mL) and extracted with 10% hexane/ether (5 X 60 mL), followed by filtration through
anhydrous magnesium sulfate and concentration. The crude product was purified by
chromatography (SiO 2, 60-100% ethyl acetate/hexanes) to yield TBS ether 54 (691.4 mg,
93%) as a colorless oil: Rf0.61 (85% ethyl acetate/hexanes); FTIR (thin film, cm-1) 2954,
2856, 1713 (Vco), 1472, 1389, 1360, 1259, 1186, 1033, 939, 876, 837, 776, 671; 1H
NMR (300 MHz, CDCl 3) spectrum not fully assigned; HRMS (EI) calcd C24H490 7Si2P
(M+-CH 3) 521.2520, obsd 521.2518.
110
,1ý& A
I Dov
Cs2CO 3
THF, 23 OC
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54 82%55
MW 536.80 MW 410.75
Enone 55
TBS ether 54 (3.77 g, 7.02 mmol) was dissolved in tetrahydrofuran (20 mL) under
argon in a 100 mL round bottomed flask and cooled to 0 OC. Cesium carbonate (4.98 g,
2.2 equiv.) was added as a solid. The reaction was warmed to 23 OC, stirred 6 days at
room temperature, and then quenched with saturated aqueous sodium bicarbonate (10 mL).
The mixture was reduced by rotary evaporation to remove most of the tetrahydrofuran,
diluted with ether (30 mL), poured into cold saturated sodium bicarbonate (60 mL) and
extracted with ether (3 X 75 mL). Filtration through anhydrous magnesium sulfate,
followed by concentration and purification by chromatography (SiO2, 7-10% ethyl
acetate/hexanes) yielded enone 55 (2.354 g, 82%) as a colorless oil: Rf 0.45 (10% ethyl
acetate/hexanes); FTIR (thin film, cm-') 2956, 2857, 1684 (vco), 1617, 1472, 1360, 1254,
1192, 1144, 1100, 1048, 1005, 938, 856, 837, 775, 672; 'H NMR (300 MHz, CDC13) 8
5.73-5.70 (m, 1H, vinyl), 3.83 (dd, 1H, J = 4.3, 9.8 Hz, carbinol), 3.34 (dd, 1H, J=
8.2, 9.7 Hz), 2.87-2.80 (m, 1H), 2.48-2.32 (m, 2H), 2.10-2.08 (m, 2H), 1.96 (d, 3H, J
= 1.5 Hz), 1.33 (dd, 1H, J = 3.0, 8.2 Hz), 0.92 (s, 9H, SiCMe 3), 0.84 (s, 9H, SiCMe3 ),
0.14 (s, 3H, SiMe), 0.10 (s, 3H, SiMe), 0.00 (s, 6H, SiMe2); 13C NMR (75 MHz,
CDCI3) ppm 203.0, 170.1, 124.1, 83.8, 63.4, 52.6, 47.9, 47.5, 28.1, 21.1, 18.2, -2.1,
-2.8, -2.8, -5.5; HRMS (EI) calecd C22H4203Si2 (M+) 410.2673, obsd 410.2672.
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MW 410.75 MW 296.49
Alcohol 56
Enone 55 (313.5 mg, 0.763 mmol) was dissolved in dichloromethane (15 mL) in a
100 mL round-bottomed flask and cooled to -22 OC in a ice/sodium chloride bath. A 14%
solution of hydrofluoric acid in aqueous acetonitrile (7.1 mL, made by diluting 2.0 mL
50% aqueous hydrofluoric acid with 5.1 mL acetonitrile) was added and the reaction stirred
30 minutes at to -22 to -17 OC. After quenching with saturated aqueous sodium
bicarbonate (10 mL), diluting with ether (15 mL), and pouring slowly into cold saturated
aqueous sodium bicarbonate (100 mL), and extracted with ether (4 X 50 mL). Filtration
through anhydrous magnesium sulfate, concentration, and purification by chromatography
(SiO 2 , 20-60% ethyl acetate/hexane) yielded alcohol 56 (209.6 mg, 93%) as a white
crystalline solid (mp 118-119 OC), as well as small amounts of a less polar 8-keto ether
(73).
Alcohol 56 (major): Rf 0.19 (30% ethyl acetate/hexanes); FTIR (thin film, cm-1)
3479, 2951, 2928, 2857, 1683 (vco), 1609, 1463, 1426, 1373, 1331, 1262, 1191, 1130,
1067, 1026, 962, 835, 777, 673; IH NMR (300 MHz, CDC13)8 5.75-5.72 (m, 1H,
vinyl), 3.61 (ddd, 1H, J = 1.8, 8.3, 9.7 Hz), 3.44 (ddd, 1H, J = 6.5, 6.5, 10.6 Hz),
2.82-2.76 (m, 1H), 2.60-2.54 (m, 1H), 2.50 (ddd, 1H, J = 7.2, 10.3, 14.6 Hz), 2.34
(ddd, 1H, J = 8.1, 10.4, 14.1 Hz), 2.10-2.06 (m, 2H), 2.00 (d, 3H, J = 1.4 Hz, Me),
1.05 (dd, 1H, J = 6.6, 13.7 Hz), 0.87 (s, 9H, SicMe3), 0.13 (s, 3H, SiMe), 0.07 (s, 6H,
SiMe); 13C NMR (75 MHz, CDC13) ppm 202.6, 169.4, 124.6, 85.2, 64.3, 51.7, 47.9,
112
I
47.1, 27.3, 25.8, 21.1, 18.1, -2.1, -3.0; HRMS (EI) calcd C16H280 3Si (M+) 296.1808,
obsd 296.1808.
f-keto ether 73 (minor): Rf0.51 (30% ethyl acetate/hexanes); FTIR (thin film,
cm- 1) 2931, 2857, 1721 (vco), 1472, 1403, 1360, 1292, 1252, 1195, 1141, 1112, 1057,
1011, 977, 912, 874, 836, 775, 734, 670; IH NMR (300 MHz, CDC13) 8 3.98 (dd, 1H, J
= 5.3, 8.9 Hz, carbinol), 3.41 (dd, IH, J = 2.0, 9.0 Hz, carbinol), 2.68 (dd, 1H, J = 4.3,
8.1 Hz), 2.55-2.47 (m, 1H), 2.46-2.31 (m, 3H), 2.08 (dd, 1H, J= 4.1, 12.1 Hz), 2.00
(d, 1H, J = 12.1 Hz), 1.40 (bd, 1H, J = 13.7 Hz), 1.27 (s, 3H, Me), 0.90 (s, 9H,
SiCMe 3), 0.15 (s, 3H, SiMe), 0.13 (s, 3H, SiMe).
o-NO 2PhSeCN
n-Bu 3 P
pyridine, 23 OC
then H2O0
56 85% 57
MW 296.49 MW 278.47
Olefin 57
Alcohol 56 (240.2 mg, 0.810 mmol) was dissolved in pyridine (5.5 mL) under
argon in a 25 mL round-bottomed flask. Solid 2-nitrophenyl selenocyanate (221.5 mg, 1.2
equiv.) was added and stirred 10 minutes (dissolves), followed by tri-n-butylphosphine
(0.243 mL, 1.2 equiv.) (solution turns deep red). After stirring 10 hours at 23 OC
(solution gradually becomes brownish), anhydrous tetrahydrofuran (5 mL) is added,
follwed by 30% aqueous hydrogen peroxide (2.0 mL, ca. 20 mmol). After stirring 24
hours, the reaction was diluted with ether (5 mL) and poured into a 1:1 mixture of saturated
aqueous sodium bisulfite and saturated aqueous sodium bicarbonate (100 mL). Extraction
with ether (3 X 60 mL), filtration through anhydrous magnesium sulfate, rotary
evaporation and purification by chromatography (SiO 2, 5,10% ethyl acetate/hexanes)
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yielded olefin 57 (192.0 mg, 85% from alcohol 56) as a slightly yellow oil which
crystallizes upon prolonged pumping: Rf 0.69 (45% ethyl acetate/hexanes); FTIR (thin
film, cm-1) 2956, 2857, 1683 (vco), 1615, 1472, 1435, 1372, 1326, 1294, 1254, 1206,
1162, 1141, 1083, 991, 941, 888, 838, 777, 676; 1H NMR (300 MHz, CDC13) 8 5.61-
5.58 (m, 1H, vinyl), 5.18 (dd, 1H, J = 2.4, 2.4 Hz, vinyl), 4.92 (dd, 1H, J = 2.0, 2.0
Hz, vinyl), 2.89 (ddd, 1H, J = 2.3, 4.8, 7.5 Hz), 2.79 (dddd, 1H, J = 2.4, 2.4, 7.6, 16.9
Hz), 2.27 (ddd, 1H, J = 2.0, 4.1, 16.9 Hz), 2.21 (dd, 1H, J = 1.9, 10.6 Hz), 2.04 (dd,
1H, J = 4.9, 10.5 Hz), 1.93 (d, 3H, J = 1.5 Hz, Me), 0.93 (s, 9H, SiCMe3 ), 0.07 (s,
3H, SiMe), 0.06 (s, 3H, SiMe); 13C NMR (75 MHz, CDC13) ppm 201.8, 170.9, 150.8,
122.8, 106.5, 83.1, 46.8, 45.4, 30.8, 25.8, 18.3, 17.7, -2.5, -2.7; HRMS (EI) calcd
C16H2602Si (M+) 278.1702, obsd 278.1701.
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57 58a 58b
MW 278.47 MW 294.47 MW 294.47
58% 22%
Epoxides 58a and 58b
Olefin 57 (98.5 mg, 0.354 mmol) was dissolved in dichloromethane (6 mL) in a 25
mL round bottomed flask. In a separate 10 mL round-bottomed flask, a solution of 1/1
water and saturated aqueous sodium bicarbonate (4.5 mL) was added to solid 80% 3-
chloroperoxybenzoic acid (MCPBA, 90 mg, 1.2 equiv.) and swirled by hand for 30
seconds. Dichloromethane (1.5 mL) was added to the MCPBA flask to dissolve the solid,
and the entire biphasic MCPBA mixture was added to the olefin flask by pipette. The
reaction was stirred at medium speed for 3 h before adding an additional portion of sodium
bicarbonate buffered MCPBA (90 mg, 1.2 equiv., prepared as above). The reaction was
stirred at room temperature 24 hours before quenching with dimethyl sulfide (0.5 mL).
After diluting with ether (5 mL), the reaction was poured into saturated aqueous sodium
bicarbonate (50 mL) and extracted with ether (3 X 40 mL). Filtration through magnesium
sulfate, rotary evaporation, and purification by chromatography (SiO2, 5-12% ethyl
acetate/hexanes) yielded epoxides 58a (60.8 mg, 58%) and 58b (22.8 mg, 22%)
(tentatively assigned exo, endo respectively) as white crystalline solids.
Exo epoxide 58a (major): Rf 0.50 (30% ethyl acetate/hexanes); FTIR (thin
film, cm-1) 2928, 2856, 1720, 1692 (vco), 1618, 1462, 1440, 1373, 1332, 1253, 1219,
1155, 1127, 1077, 1047, 1017, 915, 871, 837, 782, 677; tH NMR (300 MHz, CDC13) 8
5.71-5.68 (m, 1H, vinyl), 2.95-2.91 (m, 1H), 2.80 (s, 2H, epoxide CH 2), 2.33 (dd, 1H,
J = 4.6, 10.9 Hz), 2.27 (dd, 1H, J = 10.9 Hz), 2.21 (dd, 1H, J = 8.0, 15.2 Hz), 2.03 (d,
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1H, J = 14.5 Hz), 1.95 (d, 3H, J = 1.4 Hz, Me), 0.88 (s, 9H, SiCMe 3), 0.15 (s, 3H,
SiMe), 0.15 (s, 3H, SiMe); HRMS (FAB) calcd C16H270 3Si (M+H+) 295.1729, obsd
295.1730.
Endo epoxide 58b (minor): Rf 0.38 (30% ethyl acetate/hexanes); FTIR (thin
film, cm-1) 2957, 2858, 1725, 1682 (vco), 1615, 1574, 1473, 1435, 1371, 1329, 1296,
1257, 1205, 1150, 1081, 1028, 999, 940, 910, 875, 839, 777, 676; tH NMR (300 MHz,
CDC13) 8 5.90-5.83 (m, 1H, vinyl), 3.15 (d, 1H, J = 5.5 Hz), 2.92-2.87 (m, 1H), 2.77
(d, 1H, J = 5.7 Hz), 2.49 (dd, 1H, J = 7.7, 15.0 Hz), 2.32 (ddd, 1H, J = 1.7, 1.7, 11.5
Hz), 2.26 (dd, 1H, J = 4.6, 10.8 Hz), 1.98 (d, 3H, J = 1.4 Hz, Me), 1.71 (dd, 1H, J =
2.2, 15.0 Hz), 0.91 (s, 9H, SiCMe 3), 0.12 (s, 3H, SiMe), 0.10 (s, 3H, SiMe); HRMS
(FAB) calcd C16H270 3Si (M+H+) 295.1729, obsd 295.1730.
Et 2AlTMP _ TBI
toluene, 0 OC
OH
TBSO %?
O
58a 59% of 59 59 76
MW 294.47 6% of 76 MW 294.47 MW 294.47
Allylic Alcohol 59
2,2,6,6-Tetramethylpiperidine (0.300 mL, 1.78 mmol) was added to toluene (3.0
mL) in a 10 mL round-bottomed flask under argon and cooled to 0 OC. A solution of n-
butyllithium (2.55 M in hexanes, 0.622 mL, 1.59 mmol) was added dropwise, and the
solution stirred 1 hour at 25 OC, followed by the addition of toluene (2 mL).
Diethylaluminum chloride (0.159 ml, 1.27 mmol, made by combining equimolar
equivalents of triethylaluminum and ethylaluminum sesquichloride in dry box) was added
by syringe to the 0 OC solution of lithiated piperidine. The reaction was stirred 45 minutes
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at 0 oC to make a diethylaluminum tetramethylpiperidide (DATMP) stock solution (6.08
mL, 0.209 M).
Exo epoxide 58a (21.9 mg, 0.0744 mmol) was dissolved in toluene (2 mL) and
cooled to -18 oC. DATMP stock solution (0.209 M, 1.2 mL, 3.4 equiv) was added by
syringe (solution turns yellow) and warmed from -18 OC to -10 OC over 25 minutes. The
reaction was stirred 10 minutes at 0 oC and poured into a 1:1 mixture of saturated aqueous
solutions of sodium bicarbonate and potassium sodium tartrate (50 mL) and extracted with
ether (3 X 50 mL). Filtration through magnesium sulfate, rotary evaporation and
purification by chromatography (SiO 2, 20-30% ethyl acetate/hexanes) yielded a colorless
oil containing allylic alcohol 59 and enol ether 76 (14.2 mg, 65 % combined yield, 10:1
ratio respectively, inseparable by thin layer chromatography): Rf 0.27 (30% ethyl
acetate/hexanes).
Allylic alcohol 59 (major): FTIR (thin film, cm-1) 3439, 2956, 2858, 1673,
1626, 1472, 1433, 1372, 1322, 1253, 1179, 1155, 1066, 1007, 910, 839, 777, 673; 1H
NMR (300 MHz, CDC13) 5.93-5.88 (m, 1H, vinyl), 5.22-5.19 (m, 1H, vinyl), 4.37 (d,
1H, J = 15.2 Hz, carbinol), 4.25 (d, 1H, J = 14.9 Hz, carbinol), 3.39-3.34 (m, 1H), 2.73
(dd, 1H, J = 4.4, 9.2 Hz), 2.67 (d, IH, J = 8.8 Hz), 2.01 (d, 3H, J = 1.5 Hz, allylic
methyl), 1.94-1.87 (m, IH, OH), 0.93 (s, 9H, SiCMe 3), 0.14 (s, 3H, SiMe), 0.13 (s,
3H, SiMe); HRMS (FAB) calcd C16H 270 3Si (M+H +) 295.1729, obsd 295.1731.
Enol ether 76 (minor): IH NMR (300 MHz, CDC13) 8 5.36-5.33 (m, 1H,
vinyl), 4.76 (d, 1H, J = 3.2 Hz, vinyl), 3.93 (d, 1H, J = 11.0 Hz), 3.85 (d, 1H, J = 11.0
Hz), 3.14-3.10 (m, 1H), 2.54 (dd, 1H, J = 4.4, 9.8 Hz), 2.42 (d, 1H, J = 9.9 Hz), 2.01
(d, 3H, J = 1.3 Hz, allylic methyl), 0.91 (s, 9H, SiCMe 3), 0.18 (s, 3H, SiMe), 0.10 (s,
3H, SiMe).
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TBS
Bz-CI
DMAP, pyr. _ TBS
CH12C12, 0 C
96%
59 84
MW 294.47 MW 398.58
Benzoate 84
Alcohol 59 (90% pure, 12.9 mg, 0.044 mmol) was dissolved in dichloromethane
(4 mL) under argon in a 10 mL round-bottomed flask. Pyridine (0.031 mL, 8 equiv) and
solid 4-dimethylaminopyridine (2 mg, 0.3 equiv.) were added and the solution was cooled
to 0 OC. Following dropwise addition of benzoyl chloride (0.017 mL, 3 equiv.), the
reaction was stirred 20 minutes at 25 OC and quenched by the addition of saturated aqueous
sodium bicarbonate (5 mL). After pouring into saturated aqueous sodium bicarbonate (50
mL), the reaction was extracted with ether (3 X 75 mL), filtered through magnesium
sulfate, rotary evaporated, and purified by chromatography (SiO2, 5-10% ethyl
acetate/hexanes) to yield benzoate 84 as a colorless oil (90% pure, 16.8 mg, 96%): Rf
0.59 (30% ethyl acetate/hexanes); FTIR (thin film, cm- 1) 3063, 2955, 2857, 1724 (vco),
1682 (vco), 1630, 1602, 1472, 1451, 1373, 1314, 1269, 1194, 1158, 1111, 1069, 1022,
908, 839, 778, 712, 686; 1H NMR (300 MHz, CDC13) 8 8.00 (ddd, 2H, J = 1.7, 1.7, 7.1
Hz, ortho Bz), 7.57 (dddd, 1H, J = 1.4, 1.4, 7.4, 7.4 Hz, para Bz), 7.44 (ddd, 2H, J =
1.4, 7.9, 7.7 Hz, meta Bz), 6.10-6.06 (m, 1H, vinyl), 5.28-5.25 (m, 1H, vinyl), 5.04 (d,
1H, J = 14.3 Hz), 4.91 (dd, 1H, J = 1.0, 14.3 Hz), 3.43-3.39 (m, 1H), 2.78 (dd, 1H, J
= 4.4, 9.2 Hz), 2.72 (d, IH, J = 9.2 Hz), 2.01 (d, 3H, J = 1.5 Hz, allylic methyl), 0.95
(s, 9H, SiCMe 3), 0.18 (s, 3H, SiMe), 0.14 (s, 3H, SiMe); HRMS (FAB) calcd
C23H310 4Si (M+H +) 399.1992, obsd 399.1990.
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TBS Os0 4, pyridine
THF, 0 C
84 81% 85
MW 398.58 MW 432.59
Diol 85
Benzoate 84 (16.8 mg, 0.0421 mmol) was dissolved in tetrahydrofuran (4 mL)
under argon in a 25 mL round-bottomed flask and cooled to 0 oC. Pyridine (0.030 mL, 8
equiv) was added, followed by solid osmium tetroxide (23.7 mg, 2 equiv.). The brown
reaction mixture was stirred 10 minutes at 0 OC, and quenched with saturated aqueous
sodium bisulfite (8 mL) and ethyl acetate (8 mL). The mixture was stirred vigorously for
20 hours to reduce the osmate esters. The reaction was then poured into ether (30 mL) and
saturated aqueous sodium bicarbonate (50 mL) was added slowly (carbon dioxide
evolution). Extraction with ether (3 X 50 mL), filtration through anhydrous magnesium
sulfate, rotary evaporation, and purification by chromatography (SiO 2, 25% ethyl
acetate/hexanes) afforded diol 85 (14.7 mg, 81%) as a colorless oil: Rf0.30 (30% ethyl
acetate/hexanes); FTIR (thin film, cm-') 3417, 2954, 2856, 1722, 1667, 1615, 1452,
1435, 1376, 1316, 1271, 1215, 1178, 1113, 1071, 1026, 992, 951, 866, 838, 779, 712,
686; 1H NMR (500 MHz, CDC13) 6 8.03 (dd, 2H, J = 1.5, 6.8 Hz, PhH ortho), 7.59
(ddd, 1H, J = 1.5, 7.3, 7.3 Hz, PhH para), 7.44 (dd, 2H, J = 7.8, 7.8 Hz, PhH meta),
5.82 (bs, 1H, vinyl), 4.38 (d, 1H, J = 11.7 Hz, OBz carbinol), 4.30 (d, 1H, J = 11.7 Hz,
OBz carbinol), 3.97 (d, 1H, J = 5.9 Hz, 20 OH carbinol), 3.75 (s, 1H, 30 OH), 3.49 (d,
1H, J = 6.8 Hz, 20 OH), 2.85 (dd, 1H, J = 1.5, 5.4 Hz, CH alpha ketone), 2.63 (dd, 1H,
J = 5.4, 10.7 Hz, CH 2 towards OH's), 2.18 (d, 1H, J = 10.7 Hz, CH2 toward enone),
2.06 (d, 3H, J = 1.0 Hz, CH 3), 0.95 (s, 9H, TBS t-butyl), 0.22 (s, 3H, TBS methyl),
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0.18 (s, 3H, TBS methyl); HRMS (FAB) calcd C23H330 6Si (M+H+) 433.2046, obsd
433.2044; An nOe difference experiment was also performed on 85 to verify diol
stereochemistry (see selected spectra).
-• HO
MCPBA
CH 2C2, aq. NaHCO3
. ^ 9 I~
59 86
MW 294.47 MW 310.47
Epoxide 86
80% 3-chloroperoxybenzoic acid (MCPBA, 20.0 mg, 0.093 mmol) was added to
saturated aqueous sodium bicarbonate (1.5 mL) and stirred 5 minutes before adding
dichloromethane (1.5 mL) to dissolve the remaining solid and cooling to 0 OC. A solution
of alcohol 59 (3.4 mg, 83% pure by proton NMR, 0.010 mmol) in dichloromethane (2
mL) was added to the cold biphasic MCPBA solution and the solution was stirred for 1.5
hours at 0 OC and 5.5 hours at 23 OC. After quenching with excess dimethyl sulfide (0.5
mL), the reaction was diluted with ether (3 mL) and poured into saturated aqueous sodium
bicarbonate (50 mL). Extraction with ether (3 X 75 mL), filtration through anhydrous
magnesium sulfate, rotary evaporation and purification by column chromatography (SiO2,
30% ethyl acetate/hexanes) yielded pure epoxide 86 (2.7 mg, 91%) as a white crystalline
solid: Rf0.29 (30% ethyl acetate/hexanes); FTIR (thin film, cm-1) 3419, 2930, 2857,
1674 (vco), 1611, 1463, 1428, 1373, 1327, 1259, 1227, 1172, 1055, 1014, 935, 865,
839, 779, 679; 1H NMR (300 MHz, CDC13) 8 5.64-5.61 (m, 1H, vinyl CH), 4.11 (d,
1H, J = 13.2 Hz), 3.82 (dd, IH, J = 13.2 Hz), 3.52 (s, 1H, epox CH), 3.17-3.13 (m,
1H), 2.22 (dd, 1H, J = 4.7, 10.4 Hz), 2.04 (d, 3H, J = 1.3 Hz, allylic Me), 2.01 (d, 1H,
J = 10.4 Hz), 0.93 (s, 9H, SiCMe3), 0.22 (s, 3H, SiMe), 0.12 (s, 3H, SiMe); HRMS
(FAB) calcd C16H 270 4Si (M+H+) 311.1679, obsd 311.1678.
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TBS
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N-bromosuccinimide 0
THF / H20, 23 0 C
74%
84 88
MW 398.58 MW 363.21
Bromide 88
Benzoate 84 (90% pure, 14.8 mg, 0.033 mmol) was dissolved in
tetrahydrofuran/water (3.5:1, 2 mL) and cooled to 0 oC. A freshly prepared solution of N-
bromosuccinimide (26.5 mg, 4 equiv.) dissolved in tetrahydrofuran/water (3.5:1, 1 mL)
was added and stirred 10 minutes at 0 oC, and then 7 hours at at 25 oC. The reaction was
quenched with water, extracted with ether (3 X 50 mL), filtered through anhydrous
magnesium sulfate, and purified by column chromatography (SiO2, 15-25% ethyl
acetate/hexanes) to yield pure bromide 88 (9.0 mg, 74%) as a colorless oil: Rf 0.45 (30%
ethyl acetate/hexanes); FTIR (thin film, cm-1) 3061, 2927, 2852, 1750 (voo), 1725, (v,,),
1688 (vco), 1604, 1451, 1407, 1378, 1315, 1271, 1177, 1108, 1066, 1027, 949, 917,
873, 805, 738, 712, 666; 'H NMR (300 MHz, CDC13) 8 7.98 (ddd, 2H, J = 1.3, 2.0, 7.0
Hz), 7.61 (dddd, 1H, J = 1.4, 1.4, 7.4, 7.4 Hz), 7.47 (dddd, 2H, J = 1.6, 1.6, 7.5, 7.5
Hz), 6.12-6.08 (m, 1H, enone vinyl), 4.98 (d, 1H, J = 12.7 Hz), 4.96 (s, 1H, CH o-Br),
4.76 (d, 1H, J = 12.9 Hz), 3.47 (d, IH, J = 7.3 Hz), 3.09 (dd, 1H, J = 7.5, 19.1 Hz),
2.44 (dd, 1H, J = 1.9, 18.9 Hz), 2.13 (dd, 3H, J = 1.5 Hz, allylic Me); HRMS (FAB)
calcd C17H160 4Br (M+H+) 363.0232, obsd 363.0229.
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TBS
TBS-Cl
imidazole
DMF, 25 oC
59 99% 93
MW 294.47 MW 408.73
TBS ether 93
Alcohol 59 (6.8 mg, 0.023 mmol) was dissolved in N,N-dimethylformamide (2
mL) in a 10 mL round-bottomed flask under argon. Imidazole (18.9 mg, 12 equiv.) was
added, followed by tert-butyldimethylsilyl chloride (14.0 mg, 4 equiv.), and the reaction
was stirred 30 minutes at 25 OC. The reaction was quenched with saturated aqueous
sodium bicarbonate (2 mL), diluted with ether (2 mL), poured into saturated aqueous
sodium bicarbonate (30 mL) and extracted with 9:1 ether/hexanes (3 X 50 mL). Filtration
through anhydrous magnesium sulfate and purification by column chromatography (SiO 2,
15% ethyl acetate/hexanes) yielded TBS ether 93 (9.3 mg, 99%) as a colorless oil: Rf
0.61 (20 ethyl acetate/hexanes).
TB
N-bromosuccinimide 0
THF / H20, 23 OC
67% U
93 94
MW 408.73 MW 373.37
Bromide 94
TBS ether 93 (9.5 mg, 0.0232 mmol) was dissolved in tetrahydrofuran/water
(3.5:1, 4 mL) and cooled to 0 oC. A freshly prepared solution of N-bromosuccinimide
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(13.5 mg, 3 equiv.) dissolved in tetrahydrofuran/water (3.5:1, 1 mL) was added and
stirred 10 minutes at 0 OC and then 7 hours at 25 OC. The reaction was quenched with
water, extracted with ether (3 X 50 mL), filtered through anhydrous magnesium sulfate,
and purified by column chromatography (SiO 2, 15-25% ethyl acetate/hexanes) to yield
bromide 94 (5.8 mg, 67%) as a colorless oil: Rf 0.54 (20 %, ethyl acetate/hexanes); 1H
NMR (250 MHz, CDC13) 6 6.02 (s, 1H, enone vinyl), 4.84 (s, 1H, CH oa Br), 4.27 (d,
1H, J = 11.1 Hz, carbinol CH 2), 4.02 (d, 1H, J = 11.1 Hz, carbinol CH2), 3.38 (d, 1H, J
= 7.1 Hz, bridgehead CH), 3.01 (dd, 1H, J = 7.8, 18.8 Hz, CpCH 2), 2.36 (dd, 1H, J =
1.8, 18.8 Hz, CpCH 2), 2.16 (s, 3H, allylic CH 3), 0.89 (s, 9H, SiCMe 3), 0.12 (s, 6H,
SiMe X 2).
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TBI
(COCI) 2
DMSO
Et3N
CH 2C12
85 52% 95
MW 432.59 MW 430.58
Ketone 95
Dichloromethane (1.5 mL) was added to a 10 mL round-bottomed flask under
argon and cooled to -78 OC. Oxalyl chloride (0.026 mL, 8.0 equiv.) was added, followed
by dimethyl sulfoxide (0.042 mL, 16 equiv.) and the reaction was warmed to -60 oC for 30
minutes. A solution of diol 85 (16.0 mg, 0.037 mmol) in dichloromethane (1.5 mL) was
added slowly via cannula and washed with another 1 mL of dichloromethane. The reaction
was stirred for 15 minutes at -60 OC and triethylamine (0.186 mL, 36 equiv.) was added.
After warming to -20 oC over 30 minutes, the reaction was quenched with saturated
aqueous sodium bicarbonate (2 mL), diluted with ether (3 mL) and poured into saturated
aqueous sodium bicarbonate (50 mL). Extraction with ether (3 X 50 mL), filtration over
anhydrous magnesium sulfate, rotary evaporation, and purification by column
chromatography (SiO 2, 10,15,20% ethyl acetate/hexanes) yielded ketone 95 (8.3 mg,
52%): Rf 0.33 (20% ethyl acetate/hexanes); 'H NMR (250 MHz, CDC13) 8 8.00 (dd, 2H,
J = 8.7, 1.6 Hz, ortho Bz), 7.60 (dd, 1H, J = 7.4, 7.4 Hz, para Bz), 7.45 (dd, 2H, J =
7.8, 7.8 Hz, meta Bz), 5.90 (bs, 1H, enone vinyl), 4.65 (d, 1H, J = 12.5 Hz, Obz
carbinol), 4.26 (d, 1H, J = 12.4, OBz carbinol), 3.64 (dd, 1H, J = 5.2, 1.4 Hz,
bridgehead CH), 3.50 (s, 1H, tertiary OH), 2.93 (dd, 1H, J = 10.8, 5.3 Hz, Cp CH2),
2.65 (d, 1H, J = 10.7 Hz, Cp CH 2), 2.09 (d, 3H, J = 1.5 Hz, allylic Me), 0.91 (s, 9H,
TBS t-Bu), 0.22 (s, 3H, TBS Me), 0.21 (s, 3H, TBS Me).
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TBE
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I
NaBH 4  TBa
CH 2C12, MeOH
-78 to 0 OC
95 70% 96
MW 430.58 MW 432.59
Trans-diol 96
Ketone 95 (8.3 mg, 0.019 mmol) was dissolved in dichloromethane (2 mL) in a 10
mL round-bottomed flask and methanol (2 mL) was added. After cooling to -78 OC, solid
sodium borohydride (16 mg, 20 equiv.) was added and stirred 30 minutes at -78 oC,
followed by warming to 0 OC over 5 minutes and cooling back to -78 OC. Acetone (1.5
mL, excess) was added and the reaction was warmed to room temperature over 10 minutes,
quenched with saturated aqueous sodium bicarbonate (2 mL), diluted with ether (3 mL) and
poured into saturated aqueous sodium bicarbonate (50 mL). Extraction with ether (3 X 50
mL), filtration over anhydrous magnesium sulfate, rotary evaporation, and purification by
column chromatography (SiO 2, 20,30,40% ethyl acetate/hexanes) yielded trans-diol 96
(5.8 mg, 70%): Rf 0.17 (30% ethyl acetate/hexanes); 'H NMR (250 MHz, CDC13) 8 8.53
(d, 2H, J = 7.2 Hz, ortho Bz), 7.59 (dd, 1H, J = 7.5, 7.5 Hz, para Bz), 7.45 (dd, 2H, J =
7.7, 7.7 Hz, meta Bz), 5.90 (bs, IH, enone vinyl), 4.56 (dd, 1H, J = 3.6, 7.3 Hz,
secondary carbinol), 4.46 (s, 2H, OBz carbinol CH 2), 3.22 (dd, 1H, J = 5.9, 5.9 Hz,
bridgehead CH), 3.02 (s, 1H, tertiary OH), 2.49 (hidden dd, 1H, secondary OH), 2.47
(dd, 1H, J = 10.6, 4.6 Hz, Cp CH 2), 2.24 (d, 1H, J = 10.7 Hz, Cp CH 2), 0.97 (s, 9H,
TBS t-Bu), 0.20 (s, 3H, TBS Me), 0.19 (s, 3H, TBS Me).
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BF3*Et2O H
CH2C12  O
-78 to -20 OC
TBS
53%7
86 105
MW 310.47 MW 196.20
Diol 105
Epoxide 86 (7.7 mg, 0.025 mmol) was dissolved in anhydrous dichloromethane (4
mL) in a 10 mL round-bottomed flask under argon, cooled to -78 OC, and treated with
boron trifluoride diethyl etherate (0.020 mL, 10.9 equiv.) by syringe. The solution was
stirred for 1 hour at -78 OC (no reaction), followed by warming to -20 oC over 45 minutes.
The reaction was quenched with saturated aqueous sodium bicarbonate (2 mL), diluted
with ether (3 mL) and poured into saturated aqueous sodium bicarbonate (50 mL).
Extraction with ethyl acetate (8 X 40 mL), filtration over anhydrous magnesium sulfate,
rotary evaporation, and purification by column chromatography (SiO 2, 60-95% ethyl
acetate/hexanes) yielded ketone 105 (2.6 mg, 53%): Rf 0.15 (60% ethyl acetate/hexanes);
FTIR (thin film, cm- l) 3389, 2922, 2851, 1738 (vco), 1667 (vco), 1463, 1258; 1H NMR
(300 MHz, CDCL3) 5 5.98 (bs, 1H, vinyl), 4.62 (s, IH), 4.34 (d, 1H, J = 11.3 Hz), 4.22
(d, 1H, J = 10.9 Hz), 3.29 (bs, 1H, OH), 3.13 (d, 1H, J = 7.5 Hz), 2.87 (dd, 1H, J =
7.6, 18.7 Hz), 2.28 (dd, 1H, J = 1.2, 18.7 Hz), 2.04 (d, 3H, J = 1.4 Hz, allylic Me),
1.67 (s, 1H, OH).
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TBE Bz-C1, DMAP
CH 2CI 2, pyridine
86 108
MW 310.47 MW 414.58
Benzoate 108
Epoxide 86 (5.3 mg, 0.017 mmol) was dissolved in dichloromethane (2 mL) in a
10 mL round-bottomed flask under argon, treated with pyridine (0.030 mL, 43 equiv.) and
4-dimethylaminopyridine (1 mg, catalytic), and cooled to 0 OC. After addition of benzoyl
chloride (0.015 mL, 15 equiv.), the reaction was warmed to 23 OC and stirred 30 minutes
before quenching with saturated aqueous sodium bicarbonate (1 mL). The reaction was
diluted with ether (3 mL), poured into saturated aqueous sodium bicarbonate (50 mL),
extracted with ether (3 X 50 mL), filtered over anhydrous magnesium sulfate, and purified
by column chromatography (SiO 2, 15% ethyl acetate/hexanes) to yield benzoate 108 (6.8
mg, 96%): Rf0.63 (30% ethyl acetate/hexanes); FTIR (thin film, cm-') 2956, 2858, 1728
(vco), 1687 (vco), 1602, 1472, 1451, 1375, 1314, 1276, 1227, 1173, 1114, 1070, 1021,
936, 862, 839, 779, 712, 676; 'H NMR (300 MHz, CDC13) 8 7.95 (ddd, 2H, J = 1.5,
1.5, 8.1 Hz), 7.57 (dddd, 1H, J = 1.3, 1.3, 7.4, 7.4 Hz), 7.43 (dddd, 1H, J = 1.5, 1.5,
7.8, 7.8 Hz), 5.63-5.61 (m, 1H, vinyl), 4.71 (d, 1H, J = 12.8 Hz), 4.65 (d, 1H, J = 12.8
Hz), 3.62 (s, 1H, epoxide CH), 3.18-3.16 (m, 1H), 2.22 (dd, 1H, J = 4.7, 10.4 Hz),
2.06 (d, 3H, J = 1.5 Hz, allylic methyl), 2.02 (d, 1H, J = 10.4 Hz), 0.95 (s, 9H,
SiCMe 3), 0.26 (s, 3H, SiMe), 0.14 (s, 3H, SiMe); HRMS (FAB) calcd C23H310Si
(M+H+) 415.1941, obsd 415.1939.
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BF 3*Et20 B2
CH 2C12  O
-78 to 23 OC
TBc
980o 0
108 109
MW 414.58 MW 300.31
Ketone 109
Benzoate 108 (4.1 mg, 0.010 mmol) was dissolved in anhydrous dichloromethane
(4 mL) in a 10 mL round-bottomed flask under argon, cooled to -78 OC, and treated with
boron trifluoride diethyl etherate (0.020 mL, 10.9 equiv.) by syringe. The solution was
stirred for 2 hours at -78 OC (no reaction), followed by warming to 0 OC over 1 hour and
stirring an additional 30 minutes. The reaction was quenched with saturated aqueous
sodium bicarbonate (2 mL), diluted with ether (3 mL) and poured into saturated aqueous
sodium bicarbonate (50 mL). Extraction with ether (3 X 50 mL), filtration over anhydrous
magnesium sulfate, rotary evaporation, and purification by column chromatography (SiO2,
30% ethyl acetate/hexanes) yielded ketone 109 (2.9 mg, 98%): Rf 0.24 (30% ethyl
acetate/hexanes); FTIR (thin film, cm -') 3448, 3062, 2925, 2851, 1747 (vo.), 1722 (vco),
1682 (voo), 1604, 1451, 1378, 1315, 1274, 1177, 1097, 1052, 960, 876, 712; 'H NMR
(300 MHz, CDC13) 5 8.02 (ddd, 2H, J = 1.5, 1.5, 7.0 Hz, ortho Bz), 7.64 (dddd, 1H, J
= 1.7, 1.7, 7.4, 7.5 Hz, para Bz), 7.49 (dd, 2H, J = 7.6, 7.6 Hz, meta Bz), 6.00 (s, 1H,
vinyl), 5.14 (d, 1H, J = 12.6 Hz), 4.66 (d, 1H, J = 12.9 Hz), 4.65 (d, 1H, J = 3.0 Hz),
4.22 (bs, 1H, OH), 3.21 (d, 1H, J = 7.9 Hz), 2.91 (dd, 1H, J = 7.7, 18.7 Hz), 2.30 (d,
1H, J = 19.2 Hz), 2.25 (d, 3H, J = 1.4 Hz, Me); HRMS (FAB) calcd C17H170 5 (M+H+)
301.1076, obsd 301.1079.
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TBE TBS-CI, imidazole
DMF, 25 OC
96%
86 111
MW 310.47 MW 424.73
TBS ether 111
Alcohol 86 (7.6 mg, 0.024 mmol) was dissolved in N,N-dimethylformamide (2
mL) in a 10 mL round-bottomed flask under argon and treated with imidazole (26 mg, 15.6
equiv.) and tert-butldimethylsilyl chloride (20 mg, 5.4 equiv.). The solution was stirred
for 1.5 hours at 23 oC. The reaction was then quenched at 0 OC with saturated aqueous
sodium bicarbonate (2 mL), diluted with ether (3 mL) and poured into saturated aqueous
sodium bicarbonate (50 mL). Extraction with ether/hexanes (5:1, 3 X 50 mL), filtration
over anhydrous magnesium sulfate, rotary evaporation, and purification by column
chromatography (SiO 2, 5% ethyl acetate/hexanes) yielded TBS ether 111 (10.0 mg, 96%):
Rf 0.42 (10% ethyl acetate/hexanes); FTIR (thin film, cm-1) 2929, 2857, 1735, 1684
(vco), 1613, 1472, 1434, 1389, 1361, 1325, 1255, 1225, 1171, 1121, 1066, 1004, 932,
839, 778, 679; 'H NMR (300 MHz, CDC13) 8 5.60-5.57 (m, 1H, enone vinyl), 4.02 (d,
1H, J = 12.4 Hz), 3.90 (d, 1H, J = 12.5 Hz), 3.46 (s, 1H, epoxide CH), 3.12-3.09 (m,
1H), 2.18 (dd, 1H, J = 4.7, 10.3 Hz), 2.03 (d, 3H, J = 1.3 Hz, allylic Me), 1.96 (d, 1H,
J = 10.0 Hz), 0.93 (s, 9H, SiCMe3), 0.84 (s, 9H, SiCMe3), 0.22 (s, 3H, SiMe), 0.11 (s,
3H, SiMe), 0.02 (s, 3H, SiMe), 0.01 (s, 3H, SiMe); HRMS (FAB) calcd C22H 4104Si2
(M+H+) 425.2543, obsd 425.2545.
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TBSO
MABR
CH 2CI2
-78 to 23 OC
TBE
1/57
111 112
MW 424.73 MW 424.73
TBS enol ether 112
4-bromo-2,6-di-tert-butylphenol (595.0 mg, 2.09 mmol) was dissolved in
anhydrous dichloromethane (2 mL) in a 10 mL round-bottomed flask under argon. A
solution of trimethylaluminum dissolved in anhydrous dichloromethane (1 mL) was added
slowly via cannula to the phenol solution at 23 oC (methane evolution) and the reaction was
stirred an additional 1 hour at 23 OC to afford a 0.335 M solution of methylaluminum bis(4-
bromo-2,6-di-tert-butylphenoxide (MABR).
A portion of the MABR stock solution (0.141 mL, 0.047 mmol) was dissolved in
dichloromethane (2 mL) in a 10 mL round-bottomed flask under argon and cooled to -78
oC. A solution of epoxide 111 (10.0 mg, 0.024 mmol) dissolved in dichloromethane (1.5
mL) was added to the cold MABR solution via cannula and washed with dichloromethane
(1 mL). The reaction was stirred at -78 oC for 30 minutes (no reaction), warmed to 0 oC
over 1 hour (no reaction), and allowed to stir at room temperature for 4 hours. The
reaction was quenched with saturated aqueous sodium bicarbonate (2 mL), diluted with
ether (2 mL) and poured into saturated aqueous sodium bicarbonate (50 mL). Extraction
with ether (3 X 50 mL), filtration over anhydrous magnesium sulfate, rotary evaporation,
and purification by column chromatography (SiO2, 15,20% ethyl acetate/hexanes) yielded
TBS enol ether 112 (5.7 mg, 57%): Rf 0.27 (20% ethyl acetate/hexanes); FTIR (thin film,
cm -1) 3444, 2929, 2857, 1661 (voo), 1630, 1471, 1441, 1390, 1254, 1162, 1093, 1062,
1006, 982, 939, 838, 783, 674; 1H NMR (250 MHz, CDC13) 8 5.50 (s, 1H, vinyl), 4.65
(dd, 1H, J = 1.4, 3.3 Hz, vinyl), 4.46 (d, IH, J = 8.6 Hz), 3.97 (s, 2H), 3.19 (bs, 1H),
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2.81 (d, 1H, J = 8.6 Hz, OH), 2.10 (d, 3H, J = 1.4 Hz, allylic Me), 0.91 (s, 9H,
SiCMe 3), 0.89 (s, 9H, SiCMe 3), 0.18 (s, 3H, SiMe), 0.11 (s, 9H, SiMe X 3); HRMS
(EI) calcd C22H4004Si2 (M+) 424.2465, obsd 424.2464.
1I -14
CH2C12, -780 C
Ac , c rny
UJ 70
58b 118
MW 294.47 MW 180.21
Ketone 118
Epoxide 58b (6.3 mg, 0.021 mmol) was dissolved in dichloromethane (2.5 mL) in
a 10 mL round-bottomed flask under argon and cooled to -78 OC. A solution of
titanium(IV) chloride (1.0 M in dichloromethane, 0.120 mL, 4 equiv) was added slowly
down the side of the flask and allowed to stir 1 hour at -78 oC. The reaction was quenched
with saturated aqueous potassium carbonate (0.5 mL) at -78 OC and allowed to warm to
room temperature. After several spatula tips of anhydrous magnesium sulfate were added
slowly to adsorb water, the mixture was filtered over magnesium sulfate, rotary
evaporated, and purified by column chromatography (SiO2, 20, 30, 85% ethyl
acetate/hexanes) to afford ketone 118 (2.5 mg, 65%): Rf 0.43 (85% ethyl
acetate/hexanes); FTIR (thin film, cm-l) 3442, 2922, 1738 (v,,), 1674 (v,,), 1604, 1440,
1376, 1331, 1254, 1193, 1129, 1074, 1035, 980, 875, 822; 1H NMR (300 MHz, CDC13)
8 5.87 (s, 1H, vinyl), 4.15 (dd, 1H, J = 5.0, 11.3 Hz), 3.93 (dd, 1H, J = 5.6, 11.1 Hz),
3.12-3.07 (bs, 1H), 2.54 (dd, IH, J = 7.2. 18.9 Hz), 2.48-2.37 (m, 2H), 2.35 (dd, 1H, J
= 2.6, 19.1 Hz), 1.98 (s, 3H, allylic Me), 1.74 (dd, 1H, J = 5.8, 5.8 Hz); HRMS (EI)
calcd CloH1203 (M+) 180.0786, obsd 180.0789.
131
1T:~1
k C/7wI
TBAF
THF, -78 to 23 oC
I7Rcl
UI /U
58b 120
MW 294.47 MW 180.21
Epoxy-alcohol 120
Epoxide 58b (6.0 mg, 0.020 mmol) was dissolved in tetrahydrofuran (2 mL) in a
10 mL round-bottomed flask under argon and cooled to -45 oC. A solution of
tetrabutylammonium fluoride (ca. 2.0 M in tetrahydrofuran, 0.05 mL, excess) was added
and allowed to warm to -20 OC over 20 minutes. The reaction was then quenched with
saturated aqueous sodium bicarbonate (2 mL), diluted with ether (2 mL) and poured into
saturated aqueous sodium bicarbonate (50 mL). Extraction with ethyl acetate (7 X 30 mL),
filtration over anhydrous magnesium sulfate, rotary evaporation, and purification by
column chromatography (SiO 2, 70-85% ethyl acetate/hexanes) yielded epoxy-alcohol 120
(3.2 mg, 87%): Rf0.37 (85% ethyl acetate/hexanes); FTIR (thin film, cm-1) 3439, 2940,
2856, 1668, 1615, 1435, 1372, 1338, 1293, 1262, 1204, 1178, 1147, 1068, 1019, 998,
962, 889, 843, 793, 739, 673, 586; 1H NMR (300 MHz, CDCI3) 8 5.89-5.86 (m, 1H,
vinyl), 3.18 (d, 1H, J = 5.0 Hz, epoxide CH 2), 2.93-2.87 (m, 1H), 2.81 (d, 1H, J = 5.1
Hz, epoxide CH2), 2.55 (dd, 1H, J = 7.7, 14.9 Hz), 2.30 (dd, 1H, J = 1.8, 11.1 Hz),
2.21 (dd, 1H, J = 4.7, 11.2 Hz), 2.02 (d, 3H, J = 1.5 Hz, allylic Me), 1.92 (s, 1H,
tertiary OH), 1.77 (dd, 1H, J = 2.4, 15.0 Hz); HRMS (FAB) calcd CloH130 3 (M+H +)
181.0865, obsd 181.0865.
132
rA
BF 3-Et20I-
CH 2Cl2
-78 to -15 OC
120 62% 118
MW 180.21 MW 180.21
Ketone 118
Epoxy-alcohol 120 (2.6 mg, 0.014 mmol) was dissolved in anhydrous
dichloromethane (3 mL) in a 10 mL round-bottomed flask under argon, cooled to -78 OC,
and treated with a solution of boron trifluoride diethyl etherate (0.030 mL, 14 equiv.) in
dichloromethane (2 mL). The solution was stirred for 10 minutes at -78 OC (no reaction),
followed by warming to -15 oC over 1 hour. The reaction was quenched with saturated
aqueous sodium bicarbonate (2 mL), diluted with ether (3 mL) and poured into saturated
aqueous sodium bicarbonate (50 mL). Extraction with ethyl acetate (8 X 40 mL), filtration
over anhydrous magnesium sulfate, and rotary evaporation yielded a crude oil which was
purified by column chromatography (SiO 2, 20, 30, 85% ethyl acetate/hexanes) to afford
ketone 118 (1.6 mg, 62%): Rf 0.43 (85% ethyl acetate/hexanes); FTIR, IH NMR, and
HRMS spectral data on p. 131.
133
I
ethylene glycol, PTSA TB
benzene, reflux
Dean-Stark trap
57 56% 131(34% recovered 57)MW 278.47 MW 322.52
Ketal 131
Olefin 57 (79.0 mg, 0.284 mmol) was dissolved in benzene (12 mL) in a 50 mL
round bottomed flask. Ethylene glycol (0.75 mL, 47 equiv.) was added, and the flask was
fitted with a Dean-Stark trap. After refluxing 20 min (to remove most of the water in the
ethylene glycol), p-toluenesulfonic acid (catalytic) was added and the mixture was refluxed
an additional 45 min until reaction progress, as monitored by thin-layer chromatography,
slowed noticeably. After cooling to 23 OC, the mixture was quenched by the addition of
saturated aqueous sodium bicarbonate (10 mL), diluted with ether (10 mL), and poured
into saturated aqueous sodium bicarbonate (50 mL), and extracted with ether (4 X 30 mL).
Filtration over anhydrous magnesium sulfate and purification by column chromatography
(SiO2, 2-5% ethyl acetate/hexane) yielded recovered olefin 57 (27.1 mg, 34%) and ketal
131 (51.5 mg, 56%) as a colorless oil: Rf 0.51 (15% ethyl acetate/hexane); FTIR (thin
film, cm-1) 2955, 2857, 1661, 1472, 1435, 1360, 1305, 1253, 1205, 1166, 1105, 1027,
976, 910, 837, 775, 675; 'H NMR (300 MHz, CDC13) 8 5.04-5.01 (m, 1H), 5.01-4.98
(m, 1H), 4.72 (bs, 1H), 4.04-3.92 (m, 3H), 3.92-3.86 (m, 1H), 2.57-2.51 (m, 2H), 2.33
(ddd, 1H, J = 2.4, 5.7, 8.6 Hz), 2.18 (d, 1H, J = 10.4 Hz), 1.91 (dd, 1H, J = 5.8, 10.4
Hz), 1.70 (d, 3H, J = 1.4 Hz), 0.93 (s, 9H, SiCMe3), 0.09 (s, 3H, SiMe), 0.06 (s, 3H,
SiMe); 13C NMR (75 MHz, C6H6) ppm 153.7, 148.2, 120.8, 110.3, 103.0, 82.3, 64.8,
64.6, 43.2, 40.7, 30.0, 26.2, 18.6, 16.8, -2.1, -2.7; HRMS (EI) calcd C18H3 oO3Si (M+)
322.1964, obsd 322.1966.
134
Irr'l r
0
TBS Os0 4, pyridine
THF, 23 OC
96%
131 132
MW 322.52 MW 356.54
Diol 132
Ketal 131 (50.5 mg, 0.157 mmol) was dissolved in tetrahydrofuran (3 mL) in a 50
mL round bottomed flask. Pyridine (0.114 mL, 9 equiv.) was added, and the flask was
cooled to 0 OC. Solid osmium tetroxide (59.9 mg, 1.5 equiv.) was added and the mixture
was stirred 2.5 hours, and then warmed to 23 OC and stirred an additional 1 hour. Ethyl
acetate (9 mL) was added, followed by saturated aqueous sodium bisulfite (9 mL), and the
biphasic mixture was stirred vigorously for 20 hours. The mixture was then poured slowly
into saturated aqueous sodium bicarbonate (50 mL, Note: CO2 evolution), and extracted
with ethyl acetate (4 X 30 mL). Filtration over anhydrous magnesium sulfate and
purification by column chromatography (SiO 2, 30-35% ethyl acetate/hexane) yielded diol
132 (53.6 mg, 96%) as a colorless oil (Note: The product is very acid-sensitive once
purified and should be carried to the next reaction without delay.): Rf 0.27 (60% ethyl
acetate/hexane); 1H NMR (250 MHz, toluene-d6) 8 5.14 (bs, 1H), 3.58-3.36 (m, 6H,
carbinols), 2.80 (s, 1H, OH), 2.45 (dd, 1H, J = 6.0, 9.9 Hz), 2.17-2.08 (m, 2H), 1.99
(d, 1H, J = 4.8 Hz), 1.81 (dd, IH, J = 2.9, 8.9 Hz), 1.69 (d, 3H, J = 1.3 Hz), 0.86 (s,
9H, SiCMe 3), 0.07 (s, 3H, SiMe), 0.01 (s, 3H, SiMe).
135
Pb(OAc) 4, pyridine
CH 2C12, -78 to 0 C
91%
132 133
MW 356.54 MW 324.50
Ketone 133
Diol 132 (5.2 mg, 0.0146 mmol) was dissolved in dichloromethane (1.5 mL) in a
10 mL round bottomed flask under argon. Pyridine (0.025 mL, 21 equiv.) was added, and
the solution cooled to -78 OC. Solid lead tetraacetate was added and the mixture was stirred
10 minutes. After warming to 0 oC, the mixture was quenched by the addition of saturated
aqueous sodium bicarbonate (10 mL), diluted with ether (10 mL), and poured into a 1/1
mixture of saturated aqueous solutions of sodium bicarbonate and sodium bisulfite (40
mL), and extracted with ether (4 X 30 mL). Filtration over anhydrous magnesium sulfate
and purification by column chromatography (SiO2, 8-10% ethyl acetate/hexane) yielded
ketone 133 (4.3 mg, 91%) as a colorless oil: Rf 0.41 (30% ethyl acetate/hexane); FTIR
(thin film, cm-'1) 2954, 2883, 1753 (vo0), 1656, 1472, 1407, 1361, 1307, 1252, 1217,
1169, 1094, 1029, 982, 890, 838, 778; tH NMR (300 MHz, CDCl 3) 8 5.25 (bs, 1H),
4.05-3.93 (m, 3H), 3.91-3.84 (m, 1H), 2.60 (dd, 1H, J = 3.1, 19.1 Hz), 2.46 (ddd, 1H,
J = 2.1, 5.6, 7.5 Hz), 2.39 (dd, 1H, J = 3.0, 11.4 Hz), 2.22 (dd, 1H, J = 7.9, 19.1 Hz),
2.06 (dd, 1H, J = 5.5, 11.5 Hz), 1.67 (d, 3H, J = 1.4 Hz), 0.84 (s, 9H, SiCMe3), 0.11
(s, 3H, SiMe), 0.01 (s, 3H, SiMe); 13C NMR (75 MHz, CDCl3) ppm 210.2, 144.5,
122.7, 108.3, 83.1, 65.1, 64.9, 40.9, 37.3, 35.2, 25.7, 18.2, 17.2, -3.0, -3.3; HRMS
(EI) calcd C17H280 4Si (M+) 324.1757, obsd 324.1757.
136
0
TBS
trisyl azide
TBAB, 18-crown-6
benzene, 66% KOH
67%
133 134
MW 324.50 MW 350.50
a-Diazoketone 134
Ketone 133 (20.0 mg, 0.0618 mmol) was dissolved in benzene (2.0 mL) in a 10
mL round bottomed flask. Trisyl azide (40.0 mg, 2.1 equiv.) was added, followed by
tetrabutylammonium bromide (10 mg, 0.5 equiv.) and 18-crown-6 (2.0 mg, 0.1 equiv.).
A 60% aqueous solution of potassium hydroxide (66%, 2.0 mL) was added, and the
reaction was stirred vigerously for 1.5 hours. A second portion of trisyl azide (20.0 mg, 2
equiv.) was added and the reaction was stirred vigorously for an additional 1 hour at room
temperature. The mixture was quenched with saturated aqueous sodium bicarbonate (3
mL), diluted with ether (3 mL), and poured into saturated aqueous sodium bicarbonate (50
mL), and extracted with ether (4 X 40 mL). Filtration over anhydrous magnesium sulfate
and purification by column chromatography (SiO 2, 3-5% ethyl acetate/hexane) yielded a-
diazoketone 134 (14.4 mg, 67%) as a pale yellow oil: Rf 0.46 (20% ethyl acetate/hexane);
FTIR (thin film, cm-1) 2955, 2930, 2885, 2857, 2106, 1759 (vco), 1654, 1472, 1443,
1356, 1254, 1231, 1177, 1129, 1094, 1013, 948, 886, 839, 781; 1H NMR (250 MHz,
CDC13) 8 5.31 (bs, 1H, vinyl), 4.18 (d, 1H, J = 1.7 Hz, bridgehead CH), 4.08-3.83 (m,
4H, ketal methylenes), 2.34 (dd, 1H, J = 1.7, 10.2 Hz), 2.25 (d, 1H, J = 10.2 Hz), 1.70
(d, 3H, J = 1.2 Hz, Me), 0.91 (s, 9H, SiCMe3), 0.17 (s, 3H, SiMe), 0.05 (s, 3H, SiMe).
137
0
5% aqueous HCI
THF, 0 OC
96%
133 130
MW 324.50 MW 280.44
Enone 130
Ketone 133 (58.8 mg, 0.181 mmol) was dissolved in acetone (4 mL) in a 10 mL
round bottomed flask and cooled to 0 oC. 5% aqueous hydrochloric acid (2 drops) was
added, and the solution stirred 1.5 hours at 0 OC. The mixture was then quenched by the
addition of saturated aqueous sodium bicarbonate (2 mL), diluted with ether (2 mL), and
poured into saturated aqueous sodium bicarbonate (40 mL), and extracted with ether (3 X
25 mL). Filtration over anhydrous magnesium sulfate and purification by column
chromatography (SiO 2, 7-10% ethyl acetate/hexane) yielded enone 130 (48.9 mg, 96%) as
a colorless oil: Rf 0.38 (30% ethyl acetate/hexane); FTIR (thin film, cm -1) 2929, 2857,
1759 (vco), 1685 (vco), 1613, 1473, 1326, 1251, 1227, 1171, 1123, 1067, 1018, 891,
839, 780; 1H NMR (300 MHz, CDC13) 8 5.78 (bs, 1H), 3.03 (dd, 1H, J = 5.6, 5.6 Hz),
2.53 (dd, 1H, J = 3.1, 11.6 Hz), 2.49 (dd, 1H, J = 7.6, 19.0 Hz), 2.32 (dd, 1H, J = 2.9,
18.8 Hz), 2.28 (dd, 1H, J = 4.9, 11.5 Hz), 1.94 (d, 3H, J = 1.4 Hz), 0.91 (s, 9H,
SiCMe3), 0.16 (s, 3H, SiMe), 0.03 (s, 3H, SiMe); HRMS (EI) calcd Cs1 H2403Si (M+)
280.1495, obsd 280.1495.
138
- ---
TBS L-Selectride TB!
THF, -78 to -15 OC
OH95%
130 135
MW 280.44 MW 282.46
Alcohol 135
Enone 130 (45.9 mg, 0.164 mmol) was dissolved in tetrahydrofuran (3 mL) in a
10 mL round bottomed flask under argon, and cooled to -78 OC. Lithium tri-sec-
butylborohydride (L-Selectride) (0.164 mL, 1.0 equiv.) was added, and the solution
warmed to -10 oC over 10 minutes. The mixture was then quenched by the addition of
saturated aqueous sodium bicarbonate (2 mL), diluted with ether (2 mL), poured into
saturated aqueous sodium bicarbonate (40 mL), and extracted with ether (3 X 25 mL).
Filtration over anhydrous magnesium sulfate and purification by column chromatography
(SiO2, 25-40% ethyl acetate/hexane) yielded diastereomerically pure alcohol 135 (43.7
mg, 95%) as a colorless oil: Rf 0.19 (30% ethyl acetate/hexane); FTIR (thin film, cm-1)
3415, 2954, 2857, 1750 (voo), 1472, 1405, 1252, 1229, 1170, 1069, 1016, 893, 839,
778; 'H NMR (300 MHz, CDC13) 6 5.32-5.27 (m, 1H), 4.64-4.58 (m, 1H), 2.81 (dd,
1H, J = 2.5, 19.1 Hz), 2.72-2.65 (m, 1H), 2.16 (dd, 1H, J = 7.8, 19.1 Hz), 2.15-2.09
(m, 1H), 1.97 (bs, 1H, OH), 1.64 (s, 3H, Me), 0.88 (s, 9H, SiCMe3), 0.12 (s, 3H,
SiMe), 0.00 (s, 3H, SiMe); 13C NMR (75 MHz, CDCI 3) ppm 210.6, 142.0, 125.7, 83.0,
70.4, 41.3, 35.3, 34.6, 25.9, 18.4, 17.2, -2.8, -3.0; HRMS (EI) calcd C15H 2603Si (M+)
282.1651, obsd 282.1650.
139
0
TBE MOMCI, iPr.NEt
CHl2Cl2, 23 OC
OH -90%-ho
135 136
MW 282.46 MW 326.51
MOM ether 136
Ketone 135 (53.5 mg, 0.189 mmol) was dissolved in dichloromethane (2.0 mL) in
a 10 mL round bottomed flask under argon. N,N-diisopropylethylamine (0.497 mL, 15
equiv.) was added, and after cooling to 0 oC, chloromethyl methyl ether (0.072 mL, 5
equiv.) was added. The reaction was stirred 5 minutes 0 OC and then warmed to 23 OC and
stirred an additional 30 hours. The mixture was quenched by the addition of saturated
aqueous sodium bicarbonate (3 mL), diluted with ether (3 mL), and poured into saturated
aqueous sodium bicarbonate (50 mL), and extracted with ether (4 X 30 mL). Filtration
over anhydrous magnesium sulfate and purification by column chromatography (SiO2, 15-
30% ethyl acetate/hexane) yielded MOM ether 136 (55.5 mg, 90%) as a colorless oil: Rf
0.53 (30% ethyl acetate/hexane); FTIR (thin film, cm-1) 2952, 2885, 1752 (v"o), 1472,
1406, 1362, 1299, 1232, 1148, 1097, 1041, 892, 839, 778, 679; 1H NMR (300 MHz,
CDC13) 8 5.36-5.31 (m, 1H, vinyl), 4.68 (s, 2H, MOM CH 2), 4.47-4.41 (m, 1H,
carbinol), 3.35 (s, 3H, MOM CH3), 2.83 (dd, 1H, J =2.4, 19.2 Hz), 2.80-2.73 (m, 1H),
2.16, (dd, 1H, J =7.8, 19.0 Hz), 2.13-2.04 (m, 2H), 1.64 (dd, 3H, J = 1.7, 1.7 Hz,
allylic CH 3), 0.88 (s, 9H, SiCMe 3), 0.12 (s, 3H, SiMe), 0.01 (s, 3H, SiMe); 13C NMR
(75 MHz, CDC13) ppm 210.2, 141.9, 123.8, 95.7, 82.9, 75.9, 55.6, 41.1, 34.8, 33.2,
25.7, 18.3, 17.1, -3.0, -3.2; HRMS (EI) calcd C17H3oO4Si (M+) 326.1913, obsd
326.1912.
140
I
trisyl azide
TBAB, 18-crown-6
benzene
66% aqueous KOH
OMOM a. 60% OMOM
136 137
MW 326.51 MW 352.51
a-Diazoketone 137
Ketone 136 (10.4 mg, 0.0319 mmol) was dissolved in benzene (2.0 mL) in a 10
mL round bottomed flask. Trisyl azide (40.0 mg, 4 equiv.) was added, followed by
tetrabutylammonium bromide (10 mg, 1 equiv.) and 18-crown-6 (2.0 mg, 0.24 equiv.). A
60% aqueous solution of potassium hydroxide (66%, 2.0 mL) was added, and the reaction
was stirred vigerously for 2 hours. A second portion of trisyl azide (20.0 mg, 2 equiv.)
was added and the reaction was stirred vigorously for an additional 2.5 hours at 35 OC.
The mixture was cooled to room temperature and quenched with saturated aqueous sodium
bicarbonate (3 mL), diluted with ether (3 mL), and poured into saturated aqueous sodium
bicarbonate (50 mL), and extracted with ether (4 X 40 mL). Filtration over anhydrous
magnesium sulfate and purification by column chromatography (SiO 2, 7,10,20,45% ethyl
acetate/hexane) yielded a-diazoketone 137 (6.8 mg, slightly impure, ca. 60%) as a pale
yellow oil: Rf0.43 (20% ethyl acetate/hexane); FTIR (thin film, cm-1) 2955, 2929, 2886,
2856, 2087, 1695 (vco), 1599, 1463, 1366, 1294, 1261, 1214, 1175, 1150, 1098, 1037,
971, 906, 879, 839, 780, 667; IH NMR (250 MHz, CDC13) 8 5.29 (bs, 1H, vinyl), 4.71
(s, 2H, MOM CH 2), 4.46 (m, 1H, OMOM carbinol), 3.66 (bs, 1H, bridgehead CH), 3.37
(s, 3H, MOM CH3), 2.16 (dd, IH, J = 5.7, 10.7 Hz, CH2), 2.03 (d, 1H, J = 10.9 Hz,
CH 2), 1.85 (s, 3H, allylic CH3), 0.90 (s, 9H, TBS t-Bu), 0.19 (s, 3H, TBS Me), 0.04 (s,
3H, TBS Me); UVmax (hexane) 202, 260 nm.
141
1/
Rayonet, 254 nm
MeOH, 23 OC
OMOM OMOMC(. 3U'o
137 2:1 endo:exo 138 139
MW 352.51 MW 356.54 MW 356.54
Esters 138 and 139
ca-Diazoketone 137 (6.7 mg, 0.019 mmol) was dissolved in methanol (2.0 mL) in
a 10 mL round bottomed flask and transferred to a thick-walled pyrex test tube (8 X 100
mm). The test tube was flushed with argon and subjected to three freeze/pump/thaw cycles
with liquid nitrogen. The sample was placed in a Rayonet reactor (250 nm bulbs) and
irradiated at room temperature for 30 min. (Irradiation for an additional 15 minutes
produced no further reaction by thin-layer chromatography.) Rotary evaporation and
purification by column chromatography (SiO 2, 6,10% ethyl acetate/hexane) yielded minor
exo ester 139 (1.4 mg, slightly impure, ca. 26%) and major endo ester 138 (2.3 mg,
34%).
Exo ester 139 (minor): Rf0.44 (20% ethyl acetate/hexane); FTIR (thin film, cm-
1) 2928, 2856, 1733 (vco), 1464, 1362, 1259, 1149, 1098, 1044, 889, 838, 777; 'H
NMR (250 MHz, CDCI3) 8 5.26 (bs, 1H, vinyl), 4.65-4.72 (m, 2H, MOM CH 2), 4.34
(bs, 1H, OMOM carbinol), 3.71 (s, 3H, CO 2Me), 3.35 (s, 3H, 2.97 (d, 1H, CH a ester),
2.88 (m, 1H, bridgehead CH), 2.03 (m, 1H, CH 2), 1.85 (s, 3H, allylic CH3), 1.77 (m,
1H, CH2), 0.88 (s, 9H, SiCMe 3), 0.08 (s, 3H, SiMe), 0.05 (s,3H, SiMe).
Endo ester 138 (major): Rf 0.40 (20% ethyl acetate/hexane); FTIR (thin film,
cm-1) 2957, 2857, 1741 (vco), 1599, 1463, 1361, 1257, 1196, 1165, 1150, 1100, 1042,
919, 838, 778; 1H NMR (250 MHz, CDCl 3) 8 5.22 (bs, 1H, vinyl), 4.69 (d, 1H, J = 6.8
Hz, MOM CH2), 4.61 (d, I H, J = 6.8 Hz, MOM CH2), 4.21 (bs, 1H, OMOM carbinol),
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3.62 (s, 3H, CO 2Me), 3.36 (s, 3H, MOM CH 3), 2.98-3.07 (m, 2H, CH a ester and
bridgehead), 2.10 (dd, 1H, J = 8.0, 6.9 Hz, CH2), 1.87 (s, 3H, allylic CH3), 1.78 (d,
1H, J = 8.1 Hz, CH 2), 0.89 (s, 9H, SiCMe3), 0.10 (s, 6H, 2 X SiMe).
O O
le
LDA, CH 20
THF, -78 to 0 OC
OMOM OMOM
138 140
MW 356.54 MW XX384.54
Alcohol 140
A 10 mL round-bottomed flask was charged with tetrahydrofuran (1.5 mL) under
argon and cooled to -78 oC. A solution of LDA (1.0 M in tetrahydrofuran, 0.026 mL, 4
equiv.) was added. A solution of endo ester 138 (2.3 mg, 0.0065 mmol) was dissolved in
tetrahydrofuran (1 mL) and was added slowly by cannula down the sides of the flask over
15 minutes, and washed with tetrahydrofuran (0.5 mL). After stirring 30 minutes at -78
OC, a solution of formaldehyde in tetrahydrofuran (dilute solution, 0.020 mL) was added
and the reaction was stirred 30 m at -78 OC, followed by warming to 0 OC over 10 minutes
The reaction was quenched by the addition of saturated aqueous sodium bicarbonate (2
mL), diluted with ether (2 mL), and extracted from saturated aqueous sodium bicarbonate
(50 mL) with ethyl acetate (3 X 30 mL). Filtration through anhydrous magnesium sulfate,
concentration, and purification by column chromatography (SiO2, 25,30% ethyl
acetate/hexanes) yielded a small amount of alcohol 140 (less than 1 mg) as a colorless oil:
Rf 0.20 (30% ethyl acetate/hexanes); IH NMR (250 MHz, CDC13) 8 5.19 (bs, 1H, vinyl),
4.69 (d, 1H, J = 6.9 Hz, MOM CH 2), 4.60 (d, IH, J = 6.9 Hz, MOM CH 2), 4.23 (m,
1H, OMOM carbinol), 4.19 (d, 1H, J = 9.5 Hz, OH carbinol), 4.08 (d, 1H, J = 9.5 Hz,
OH carbinol), 3.67 (s, 3H, CO 2Me), 3.36 (s, 3H, MOM CH3), 2.70 (m, 1H, bridgehead
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CH), 2.55 (m, 1H, Cp CH 2), 1.93 (bs, 3H, allylic CH 3), 1.80 (d, 1H, J = 8.1Hz, Cp
CH 2), 1.68 (m, 1H, ?OH), 0.93 (s, 9H, SiCMe 3), 0.22 (s, 3H, SiMe), 0.14 (s, 3H,
SiMe).
144
OBn OBn
0 0 B0 ZnC12  6 0 0
BnO THF OH
-78 to 23 OC
44 169 171
MW 112.13 MW 432.52 MW 544.65
Beta Glucoside 171
Epoxide 16940 (crude white solid from 2.425 mmol glycal) was dissolved in
tetrahydrofuran (40 mL) in a 200 mL round-bottomed flask with stirbar, under argon.
After cooling the solution to -78 OC, solid 2-methyl-1,3-cyclopentanedione (543.8 mg, 2
equiv.) was added, and the flask fitted with a rubber septum. A solution of 0.5 M zinc(II)
chloride in tetrahydrofuran (9.68 mL, 2 equiv.) was added dropwise by syringe over 3
minutes and the reaction was stirred 15 minutes at -78 OC. After slowly warming to 23 oC
over 1 hour, the mixture was stirred for 12 hours at room temperature and then quenched
with saturated aqueous sodium bicarbonate (25 mL). The mixture was diluted with ethyl
acetate (25 mL), poured into ice cold saturated aqueous sodium bicarbonate, and extracted
with ethyl acetate (4 X 50 mL). Filtration through anhydrous magnesium sulfate, and
rotary evaporation yielded a crude white foam containing f3-glycoside 171 and the Oa-
glycoside anomer 172 (ca. 5:1 ratio, ca. 60% combined yield), which was submitted
without purification to the next reaction. An analytical sample was purified by column
chromatography (SiO 2, 60-80% ethyl acetate/hexane) for the separate identification of the
two anomers.
~-glycoside 171 (major): Rf0.18 (60% ethyl acetate/hexanes); FTIR (thin film,
cm -1) 3373, 3030, 2921, 2867, 1682, 1634, 1497, 1454, 1385, 1353, 1311, 1234, 1071,
912, 831, 738, 698; 1H NMR (300 MHz, CDC13) 8 7.40-7.27 (m, 12H, Ph), 7.22-7.18
(m, 3H, Ph), 5.01 (d, J = 7.6 Hz, anomeric), 4.91 (s, 2H), 4.85 (d, 1H, J = 10.9 Hz),
4.60 (d, 1H, J = 12.0 Hz), 4.57 (d, 1H, J = 10.8 Hz), 4.51 (d, 1H, J = 12.0 Hz), 3.82
(ddd, 1H, J = 3.1, 7.5, 8.6 Hz), 3.74 (dd, 1H, J = 2.2, 10.4 Hz), 3.71-3.55 (m, 3H),
145
2.86-2.74 (bd, 1H, J = 16.3 Hz), 2.70-2.58 (bd, 1H, J = 16.3 Hz), 2.62 (d, 1H, J = 3.1
Hz), 2.44 (dd, 2H, J = 4.5, 4.5 Hz), 1.67 (s, 3H, Me); 13C NMR (75 MHz, CDC13) ppm
206.6, 182.4, 138.7, 138.1, 138.0, 128.7-128.0 (15 Ph carbons), 118.6, 99.5, 84.4,
77.1, 75.5, 75.3, 75.0, 73.8, 73.4, 68.5, 33.4, 24.6, 6.0; HRMS (FAB) calcd C3 3H370 7
(M+H+) 545.2539, obsd 545.2535.
o-glycoside 172 (minor): Rf 0. 13 (60% ethyl acetate/hexanes); FTIR (thin film,
cm-1) 3372, 3030, 2921, 2866, 1694, 1626, 1497, 1454, 1393, 1338, 1232, 1104, 1069,
881, 737, 698; 1H NMR (300 MHz, CDC13) 8 7.43-7.26 (m, 12H, Ph), 7.12-7.23 (m,
3H, Ph), 5.71 (d, 1H, J = 3.4 Hz, anomeric), 4.98 (d, 1H, J = 11.3 Hz), 4.90 (d, 1H, J
= 11.2 Hz), 4.86 (d, 1H, J = 10.7 Hz), 4.64 (d, 1H, J = 12.0 Hz), 4.55 (d, 1H, J = 10.6
Hz), 4.49 (d, 1H, J = 11.9 Hz), 4.00-3.61 (m, 6H), 2.88-2.77 (bd, 1H, J = 18.1 Hz),
2.68-2.57 (bd, 1H, J = 17.7 Hz), 2.45 (m, 2H), 1.66 (s, 3H, Me).
OBn OBn
BnO 4 O O>" 0 Et3N, TBSOTf 1 BnO o0
BnO OH THF, 0 OC BnO OTBS
171 51% from glycal 167 173
MW 544.65 MW 658.91
TBS ether 173
Crude alcohol 171 (from 2.425 mmol glycal) was dissolved in tetrahydrofuran (25
mL) under argon in a 100 mL round-bottomed flask and cooled to -78 OC. triethylamine
(4.06 mL, 12 equiv.) was added, followed by dropwise addition of tert-butyldimethylsilyl
trifluoromethanesulfonate (1.11 mL, 2 equiv.) over 5 minutes. The reaction was warmed
to 0 OC over 5 minutes, and stirred an additional 20 minutes at 0 OC. The reaction was
quenched at 0 OC by the addition of saturated aqueous sodium bicarbonate (15 mL),
followed by rotary evaporation to remove tetrahydrofuran, and dilution with ether (30 mL).
The mixture was poured into saturated aqueous sodium bicarbonate (40 mL) and extracted
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with ether (3 X 40 mL). Filtration of the organic extracts over anhydrous magnesium
sulfate, rotary evaporation, and purification by column chromatography (SiO 2, 15-30%
ethyl acetate/hexanes) yielded TBS ether 173 (815.1 mg, 51% from glycal, three steps) as
a colorless oil: Rf 0.67 (60% ethyl acetate/hexane); FTIR (thin film, cm-1) 3030, 2927,
2856, 1703, 1645, 1497, 1454, 1383, 1336, 1250, 1162, 1075, 836, 780, 736, 697; 1H
NMR (300 MHz, CDC13) 6 7.37-7.25 (m, 12H, Ph), 7.12-7.07 (m, 3H, Ph), 4.99 (d,
1H, J = 7.5 Hz, anomeric), 4.93 (d, 1H, J = 12.0 Hz), 4.90 (d, 1H, J = 12.0 Hz), 4.76
(d, 1H, J = 10.8 Hz), 4.59 (d, 1H, J = 12.0 Hz), 4.53 (d, 1H, J = 10.7 Hz), 4.51 (d, 1H,
J = 12.1 Hz), 3.84 (dd, 1H, J = 7.7, 8.6 Hz), 3.73 (dd, 1H, J = 2.0, 10.4 Hz), 3.69-3.54
(m, 4H), 2.86-2.76 (bd, 1H, J = 17.5 Hz), 2.70-2.58 (bd, 1H, J = 17.4 Hz), 2.48-2.44
(m, 2H), 1.71 (s, 3H, allylic Me), 0.87 (s, 9H, SiCMe 3), 0.11 (s, 3H, SiMe), 0.10 (s,
3H, SiMe); 13C NMR (75 MHz, CDCl 3) ppm 205.4, 181.2, 138.3, 137.7, 137.6, 128.3-
127.0 (15 Ph carbons), 118.3, 99.8, 85.4, 77.7, 75.5, 75.4, 74.9, 74.2, 73.4, 68.4,
33.5, 25.7, 25.7, 24.4, 18.0, 6.5; HRMS (FAB) calcd C39H5107Si (M+H+) 659.3404,
obsd 659.3396.
OBn OBn
BnONaH B0r NaHBnB BnOrN- 00
BnO OH THF, 23 C B nO n
171 48% from glycal 167 174
MW 544.65 MW 634.78
Benzyl ether 174
Crude alcohol 171 (from 1.285 mmol glycal) was dissolved in tetrahydrofuran (12
mL) under argon in a 50 mL round-bottomed flask and cooled to 0 OC. Solid sodium
hydride (247 mg, 8 equiv.) was added, followed by dropwise addition of benzyl bromide
(0.611 mL, 4 equiv.) over 5 minutes. The reaction was warmed to 23 OC and stirred 12
hours. The reaction was quenched at 0 oC by the addition of saturated aqueous sodium
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bicarbonate (10 mL), and diluted with ether (10 mL). The mixture was poured into
saturated aqueous sodium bicarbonate (30 mL) and extracted with ethyl acetate (5 X 30
mL). Filtration of the organic extracts over anhydrous magnesium sulfate, rotary
evaporation, and purification by column chromatography (SiO2, 20-30% ethyl
acetate/hexanes) yielded benzyl ether 174 (392.5 mg, 48% from glycal, three steps) as a
colorless oil: Rf 0.55 (60% ethyl acetate/hexane); FTIR (thin film, cm-1) 3030, 2920,
2867, 1694, 1634, 1497, 1454, 1386, 1342, 1252, 1209, 1114, 1065, 1027, 886, 737,
698; 'H NMR (300 MHz, CDC13) 8 7.43-7.18 (m, 20H, Ph), 4.94 (d, 1H, J = 12.3 Hz),
4.89 (d, 1H, J = 10.9 Hz), 4.83 (d, 1H, J = 11.0 Hz), 4.72-4.52 (m, 6H), 4.29 (dd, 1H,
J = 8.1, 8.1 Hz), 3.84-3.73 (m, 4H), 3.56-3.49 (m, 1H), 2.84-2.73 (bd, 1H, J = 17.0
Hz), 2.63-2.51 (bd, 1H, J = 17.0 Hz), 2.41-2.33 (m, 2H), 1.66 (s, 3H, Me); 13 C NMR
(75 MHz, CDC13) ppm 206.5, 184.9, 138.6, 138.5, 138.4, 137.4, 129.1-128.3 (20 Ph
carbons), 117.2, 100.4, 84.0, 80.8, 78.1, 76.3, 75.5, 75.4, 74.0, 71.5, 68.8, 33.9,
25.7, 6.2; HRMS (FAB) calcd C40H4307 (M+H+) 635.3009, obsd 635.3001.
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OBn
SO O Et31'B 0THEBno OTBS TIIF
173 (97C
MW 658.91
O OMe
OBn
B O0
OTBS
180
tentative relative stereochemistry
MW 857.25
8%
O
, TBSOTf OMe
F, 0 oC toluene, 23 OC
30 h
recovered 173)
O0OMe
+ TBSO
+\0 TBSOBnOBn
BnO
181, 182 (3: 1) BnO
two inseparable diastereomers
MW 857.25
49%
Methyl esters 180, 181, and 182
TBS ester 173 (52.1 mg, 0.0791 mmol) was dissolved in tetrahydrofuran (2 mL)
under argon in a 10 mL round-bottomed flask and cooled to -78 OC. Triethylamine (0.115
mL, 10.4 equiv.) was added, followed by dropwise addition of tert-butyldimethylsilyl
trifluoromethanesulfonate (0.047 mL, 2.6 equiv.). The reaction was warmed to 0 OC over
5 minutes, and stirred I hour further at 0 oC. The reaction was then diluted with 10%
ether/hexane (3 mL) and quenched at 0 OC by the addition of saturated aqueous sodium
bicarbonate (15 mL). The mixture was poured into ice cold saturated aqueous sodium
bicarbonate (30 mL) and extracted first with 10% ether/hexane (1 X 20 mL) and then ether
(2 X 25 mL). The combined organic extracts were filtered over anhydrous magnesium
sulfate (pre-wetted with 2% triethylamine/hexane), rotary evaporated, and the crude product
transferred to a 10 mL round-bottomed flask with 10% ether/hexane. Rotary evaporation,
followed by pumping under vacuum (2 hours) afforded the crude diene mixture as a pale
yellow oil which was used without further purification.
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The crude dienes were dissolved in toluene (2 mL) under argon, and methyl
propiolate (0.100 mL, 14 equiv.) was added by syringe. The reaction was stirred 30 hours
at room temperature, after which the volatiles were removed under vacuum. The crude
mixture was then purified by column chromatography (SiO2, 3-10% ethyl acetate/hexanes)
to yield a single diastereomer 180 (5.7 mg, 8%), as well as two inseparable Diels-Alder
diastereomers, 181 and 182 (33.4 mg, 49%), and recovered TBS ether 173 (4.9 mg,
9%) as colorless oils.
Methyl ester 180 (minor): Rf 0.53 (15% ethyl acetate/hexane); FTIR (thin film,
cm-1) 2929, 2856, 1725 (v,,o), 1676, 1587, 1497, 1472, 1434, 1361, 1300, 1256, 1202,
1118, 1071, 1028, 912, 838, 780, 734, 697; 1H NMR (300 MHz, CDC13) 8 7.53 (d, 1H,
J = 3.1 Hz), 7.38-7.21 (m, 12H), 7.10-7.05 (m, 3H), 4.88 (m, 2H), 4.71 (d, 1H, J =
10.9 Hz), 4.57 (d, 1H, J = 12.0 Hz), 4.55 (d, 1H, J = 7.1 Hz), 4.53 (d, 1H, J = 10.9
Hz), 4.50 (d, 1H, J = 12.2 Hz), 3.78-3.59 (m, 4H), 3.70 (s, 3H, CO2Me), 3.51 (dd, 1H,
J = 8.5, 8.5 Hz), 3.42 (ddd, 1H, J = 2.0, 4.0, 9.8 Hz), 3.10-3.07 (m, 1H), 2.52 (d, 1H,
J = 5.4 Hz), 2.44 (dd, 1H, J = 1.9, 5.6 Hz), 1.71 (s, 3H, Me), 0.94 (s, 9H, SiCMe3),
0.85 (s, 9H, SiCMe 3), 0.11 (s, 3H, SiMe), 0.10 (s, 3H, SiMe), 0.08 (s, 3H, SiMe), 0.06
(s, 3H, SiMe); HRMS (FAB) calcd C49H6 90 9Si2 (M+H +) 857.4480, obsd 857.4477.
Methyl esters 181 and 182 (major, 3:1 mixture): Rf 0.49 (15% ethyl
acetate/hexane); FTIR (thin film, cm-1) 2928, 2856, 1718 (vo), 1592, 1497, 1472, 1453,
1433, 1360, 1297, 1251, 1203, 1072, 1028, 912, 838, 779, 734, 691; 'H NMR (300
MHz, CDC13) 8 7.56 (d, 1H, J = 3.9 Hz, major isomer vinyl), 7.46 (d, 1H, J = 3.0 Hz,
minor isomer vinyl), 7.37-7.22 (m, 12H, Ph), 7.13-7.06 (m, 3H, Ph), 4.91 (d, 1H, J =
11.6 Hz), 4.87 (d, 1H, J = 11.6 Hz), 4.78-4.72 (m, 1H), 4.65 (d, 1H, J = 7.6 Hz,
anomeric), 4.60-4.47 (m, 3H), 3.76-3.50 (m, 6H), 3.69 (s, 3H, CO 2Me), 3.36-3.32 (m,
1H, bridgehead), 2.46-2.26 (m, 2H, CH 2), 1.72 (s, 3H, minor isomer Me), 1.71 (s, 3H,
major isomer Me), 0.95-0.85 (singlets, TBS SiCMe3), 0.12-0.03 (singlets, TBS SiMe3);
HRMS (FAB) calcd C49H6909Si2 (M+H +) 857.4480, obsd 857.4477.
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O, Me O OMe
5% aq. HC1 S OB
TO \ TBSO OBn THF, -20 C BOH
O OBn OTBS
BnO
181, 182 (3 : 1) 183 184
two inseparable diastereomers MW 310.47 MW 564.80
MW 857.25 81% 92%
Ketone 183
Methyl esters 181 and 182 (21.7 mg, 0.0253 mmol) were dissolved in
tetrahydrofuran (2 mL) in a 10 mL round bottomed flask and cooled to 0 OC. 5% aqueous
hydrochloric acid (1 drop) was added, and the solution stirred 12 hours at -20 OC. The
mixture was then quenched by the addition of saturated aqueous sodium bicarbonate (3
mL), diluted with ether (2 mL), and poured into saturated aqueous sodium bicarbonate (40
mL), and extracted with ether (3 X 30 mL). Filtration of the organics over anhydrous
magnesium sulfate and purification by column chromatography (SiO 2, 7-20% ethyl
acetate/hexane) yielded ketone 183 (6.4 mg, 81%) and glycoside 184 (13.2 mg, 92%, 2:1
a:13) as colorless oils.
Ketone 183: Rf 0.42 (15% ethyl acetate/hexane); FTIR (thin film, cm-1) 2952,
2858, 1755 (voo), 1732 (voo), 1599, 1473, 1435, 1330, 1286, 1252, 1202, 1175, 1110,
1045, 985, 952, 899, 839, 777, 674; 'H NMR (300 MHz, CDC13) 8 6.78 (d, 1H, J = 4.1
Hz, vinyl), 3.72 (s, 3H, CO2Me), 3.22-3.17 (m, 1H), 2.47 (dd, 1H, J = 1.5, 8.7 Hz),
2.19 (ddd, 1H, J = 7.1, 7.1, 7.1 Hz, CH a Me), 2.12 (ddd, 1H, J = 1.4, 1.4, 8.6 Hz),
1.07 (d, 3H, J = 7.1 Hz, Me), 0.91 (s, 9H, SiCMe 3), 0.10 (s, 3H, SiMe), 0.07 (s, 3H,
SiMe); HRMS (EI) calcd C16H2604Si (M+) 310.1600, obsd 310.1601.
Glycoside 184 (2:1 cxa:): Rf 0.15 (15% ethyl acetate/hexane); FTIR (thin film,
cm-1) 3439, 3031, 2927, 2856, 1721, 1606, 1497, 1463, 1360, 1252, 1208, 1150, 1071,
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1028, 1005, 915, 861, 837, 779, 735, 697, 670; 'H NMR (300 MHz, CDC13) 8 7.39-
7.22 (m, 12H, Ph), 7.12-7.04 (m, 3H, Ph), 5.17 (d, 1H, J = 2.3 Hz, a anomeric), 4.90-
4.45 (m, 7H, benzyl methylenes + 3 anomeric), 4.08 (ddd, 1H, J = 2.9, 2.9, 9.9 Hz, a 2'
CH), 3.80-3.48 (m, 6H, glucose), 2.97 (s, 1H, a OH), 2.95 (bs, 1H, 0 OH), 0.92 (s,
9H, a SiCMe 3), 0.90 (s, 9H, 0 SiCMe 3), 0.14 (s, 3H, f3 SiMe), 0.11 (s, 3H, a SiMe),
0.09 (s, 3H, a SiMe), 0.07 (s, 3H, P SiMe).
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OBk OMe
LiEt 3BH OBn
THF,-78 OC B
OTBS OTBS
180 92% 180b
tentative relative stereochemistry tentative relative stereochemistry
MW 857.25 MW 859.27
Unsaturated ester 180b
Ester 180 (8.9 mg, 0.0104 mmol) was dissolved in tetrahydrofuran (1.5 mL) under
argon in a 10 mL round-bottomed flask with stirbar, and cooled to -78 OC. A solution of
lithium triethylborohydride in tetrahydrofuran (1.0 M, 0.250 mL, 24 equiv.) was added
over 10 minutes down the inside of the flask and rinsed with tetrahydrofuran (0.5 mL).
The reaction was stirred 5 minutes at -78 OC, quenched with saturated aqueous sodium
bicarbonate (2 mL), diluted with ether (2 mL), poured into cold saturated aqueous sodium
bicarbonate (30 mL), and extracted with ether (3 X 30 mL), followed by filtration of the
organics through anhydrous magnesium sulfate and concentration. Chromatography
(SiO2, 5-10% ethyl acetate/hexanes) afforded unsaturated ester 180b (8.2 mg, 92%) as a
colorless oil: Rf 0.58 (15% ethyl acetate/hexanes); 1H NMR (250 MHz, CDC13) 8 7.48-
7.03 (m, 15H, Ph), 4.89 (s, 2H, benzyl), 4.71 (d, 1H, J = 10.8 Hz, benzyl), 4.62-4.46
(m, 4H, benzyl + anomeric), 3.75-3.30 (m, 6H, glucose), 3.52 (s, 3H, CO 2Me), 3.18
(dd, 1H, J = 4.5, 9.7 Hz, CH x ester), 2.49-2.43 (m, 1H, bridgehead), 2.17 (ddd, 1H, J
= 3.8, 9.3, 11.8 Hz), 2.08-1.95 (m, 1H), 1.70-1.55 (m, 2H), 1.43 (s, 3H, allylic Me),
0.94 (s, 9H, SiCMe 3), 0.89 (s, 9H, SiCMe3), 0.15 (s, 3H, SiMe), 0.14 (s, 3H, SiMe),
0.13 (s, 3H, SiMe), 0.05 (s, 3H, SiMe).
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LiEt3 BH
THF, -78 to 0 OC
IOTBS OTBS
180b 90% 185
tentative relative stereochemistry tentative relative stereochemistry
MW 859.27 MW 831.26
Alcohol 185
Ester 180b (8.2 mg, 0.0095 mmol) was dissolved in tetrahydrofuran (2 mL) under
argon in a 10 mL round-bottomed flask with stirbar, and cooled to -78 OC. A solution of
lithium triethylborohydride in tetrahydrofuran (1.0 M, 0.100 mL, 10.5 equiv.) was added,
and the reaction warmed to 0 OC over 10 minutes. The reaction was stirred 10 minutes at 0
OC, quenched with saturated aqueous sodium bicarbonate (2 mL), diluted with ether (2
mL), poured into cold saturated aqueous sodium bicarbonate (30 mL), and extracted with
ether (3 X 30 mL), followed by filtration of the organics through anhydrous magnesium
sulfate and concentration. Methanol (20 mL) was then added to the crude concentrate and
rotary evaporated to break up the borate complex. Chromatography (SiO2, 13% ethyl
acetate/hexanes) afforded unsaturated ester 185 (7.1 mg, 90%) as a colorless oil: Rf0.28
(15% ethyl acetate/hexanes); LH NMR (500 MHz, CDC13) 8 7.37-7.20 (m, 18H, Ph),
7.06-7.02 (m, 2H, Ph), 4.91 (d, 1H, J = 11.5 Hz), 4.84 (d, 1H, J = 12.5 Hz), 4.69 (d,
1H, J = 11.0 Hz), 4.56 (d, 1H, J = 12.0 Hz), 4.52 (d, 1H, J = 11.0 Hz), 4.50 (d, 1H, J
= 12.0 Hz), 4.49 (d, 1H, anomeric), 3.70-3.53 (m, 4H, glucose), 3.51-3.35 (m, 4H,
glucose + carbinols + OH), 2.60-2.53 (m, 1H, CH ot ester), 2.40 (s, 1H, bridgehead),
2.14 (d, 1H J = 3.8 Hz), 2.03 (ddd, 1H, J = 4.5, 8, 12.5 Hz), 1.75 (dd, 1H, J = 3.5, 10
Hz), 1.67 (s, 3H, allylic Me), 1.52 (m, 1H), 0.93 (s, 9H, SiCMe3 ), 0.89 (s, 9H,
SiCMe 3), 0.84 (M, 1H), 0.16 (S, 3H, SiMe), 0.12 (s, 3H, SiMe), 0.12 (s, 3H, SiMe),
0.03 (s, 3H, SiMe).
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I
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OB n - -
aqueous HCI O
THF, 0 OC Bn oO
OTBS 'O
185 50% 186
tentative relative stereochemistry tentative relative stereochemistry
MW 831.26 MW 717.00
Ketone 186
Alcohol 185 (7.1 mg, 0.0085 mmol) was dissolved in tetrahydrofuran (2 mL) in a
10 mL round bottomed flask and cooled to 0 oC. 5% aqueous hydrochloric acid (1 drop)
was added, and the solution stirred 40 min at 0 OC. The mixture was then quenched by the
addition of saturated aqueous sodium bicarbonate (3 mL), diluted with ether (2 mL), and
poured into saturated aqueous sodium bicarbonate (40 mL), and extracted with ether (3 X
30 mL). Filtration of the organics through anhydrous magnesium sulfate and purification
by column chromatography (SiO 2, 30-40% ethyl acetate/hexane) yielded ketone 186 (3.4
mg, 50%) a colorless oil: Rf 0.14 (30% ethyl acetate/hexane); 'H NMR (250 MHz,
CDC13) 8 7.38-7.17 (m, 12H, Ph), 7.12-7.03 (m, 3H, Ph), 4.91 (d, 1H, J = 11.7 Hz),
4.85 (d, 1H, J = 11.7 Hz), 4.70 (d, 1H, J = 10.8 Hz), 4.56 (d, 1H, J = 7.1 Hz,
anomeric), 4.50 (s, 2H), 4.48 (d, 1H, J = 10.8 Hz), 3.92 (ddd, 1H, J = 3.0, 7.2, 9.1
Hz), 3.65-3.37 (m, 7H, glucose + carbinols), 2.74 (ddd, 1H, J = 7.0 Hz, CH ac ketone),
2.69-2.58 (m, 1H), 2.32 (ddd, 1H, J = 5.5, 12.0, 12.7 Hz), 2.00 (dd, 1H, J = 2.5, 9.2
Hz), 1.86 (d, 1H, J = 9.4 Hz), 1.23 (d, 3H, J = 7.2 Hz, methyl), 1.12 (ddd, 1H, J = 1.7,
5.7, 13.4 Hz), 0.90 (s, 9H, SiCMe 3), 0.15 (s, 3H, SiMe), 0.03 (s, 3H, SiMe).
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BnO7 0
BnOO OBn
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MW 634.78
Et3N, TBSOTf
THF, 0 OC
(35% recovered 174)
O
=-4
OMe
toluene, 23 OC
30 h
.OMe
0
187, 188 (1.5 : 1) 80
two inseparable diastereomers
MW 833.12
33%
O0 OMe
OBn
OTBS
189, 190 (1.3 :1)
two separable diastereomers
MW 833.12
13%
Methyl esters 187, 188, 189, and 190
Benzyl-enone 174 (52.6 mg, 0.0829 mmol) was dissolved in tetrahydrofuran (2
mL) under argon in a 10 mL round-bottomed flask and cooled to -78 oC. Triethylamine
(0.115 mL, 10 equiv.) was added, followed by dropwise addition of tert-butyldimethylsilyl
trifluoromethanesulfonate (0.047 mL, 2.5 equiv.). The reaction was warmed to 0 oC over
5 minutes, and stirred 40 minutes further at 0 oC. The reaction was then diluted with 10%
ether/hexane (3 mL) and quenched at 0 OC by the addition of saturated aqueous sodium
bicarbonate (15 mL). The mixture was poured into ice cold saturated aqueous sodium
bicarbonate (30 mL) and extracted first with 10% ether/hexane (1 X 20 mL) and then ether
(2 X 25 mL). The combined organic extracts were filtered over anhydrous magnesium
sulfate (pre-wetted with 2% triethylamine/hexane), rotary evaporated, and the crude product
transferred to a 10 mL round-bottomed flask with 10% ether/hexane. Rotary evaporation,
followed by pumping under vacuum (2 hours) afforded the crude diene mixture as a pale
yellow oil which was used without further purification.
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, _;ýý OBn
The crude dienes were dissolved in toluene (2 mL) under argon, and methyl
propiolate (0.100 mL, 13 equiv.) was added by syringe. The reaction was stirred 30 hours
at room temperature, after which the volatiles were removed under vacuum. The crude
mixture was then purified by column chromatography (SiO 2, 7-10% ethyl acetate/hexanes)
to yield two inseparable Diels-Alder diastereomers (1.3:1), 187 and 188 (22.7 mg, 33%),
as well as two other separable diastereomers 189 (5.1 mg, 7%) and 190 (4.4 mg, 6%),
and recovered benzyl ether 174 (18.5 mg, 35%) as colorless oils.
Methyl esters 187 and 188 (major): Rf 0.51 (20% ethyl acetate/hexane); FTIR
(thin film, cm- 1) 3030, 2929, 2857, 1722 (vco), 1682, 1622, 1588, 1497, 1455, 1360,
1306, 1251, 1205, 1120, 1028, 911, 837, 775, 733, 700; 1H NMR (300 MHz, CDC13) 8
7.40-7.26 (m, 16H, Ph), 7.26-7.17 (m, 4H, Ph), 5.00-4.52 (doublets, 8H, benzyl
CH 2's), 4.50 (d, 1H, J = 7.8 Hz, major isomer anomeric CH), 4.42 (d, 1H, J = 7.8 Hz,
minor isomer anomeric CH), 3.92 (ddd, 1H, J = 2.7, 8.0, 8.0 Hz, major isomer glucose
CH), 3.82-3.64 (m, glucose protons), 3.72 (s, 3H, major CO 2Me), 3.68 (s, 3H, minor
CO 2Me), 3.55-3.41 (m, 2H), 2.40 (dd, 1H, J = 2.0, 5.3 Hz, major CH 2), 2.36 (dd, 1H,
J = 1.9, 5.3 Hz, minor CH 2), 2.26-2.16 (m, 1H+1H, major+minor CH 2), 1.70 (s, 3H,
minor allylic Me), 1.68 (s, 3H, major allylic Me), 0.96 (s, 9H, major SiCMe 3), 0.96 (s,
9H, minor SiCMe 3), 0.07 (s, 3H, minor SiMe), 0.06 (s, 3H, major SiMe, 0.03 (s, 3H,
minor SiMe), 0.03 (s, 3H, major SiMe); HRMS (FAB) calcd C50 H6109Si (M+H +)
833.4085, obsd 833.4088.
Methyl ester 189 (minor): Rf 0.43 (20% ethyl acetate/hexane); FTIR (thin film,
cm- 1) 3030, 2929, 2858, 1721 (vco), 1682, 1497, 1455, 1361, 1304, 1254, 1201, 1120,
1090, 1028, 909, 839, 781, 734, 697; iH NMR (300 MHz, CDC13) 8 7.47 (d, 1H, J =
3.2 Hz, vinyl), 7.41-7.12 (m, 20H, Ph), 4.96-4.70 (m, 4H, benzyl CH2's), 4.68-4.52
(m, 4H, benzyl CH 2's), 4.50 (d, 1H, J = 7.2 Hz, anomeric), 3.83-3.51 (m, 6H, glucose
CH's), 3.41 (s, 3H, CO 2Me), 3.11-3.08 (m, IH, bridgehead CH), 2.66 (d, 1H, J = 4.5
Hz), 2.53 (dd, 1H, J = 1.8, 5.0 Hz), 1.60 (s, 3H, allylic Me), 0.92 (s, 9H, SiCMe3),
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0.05 (s, 3H, SiMe), 0.03 (s, 3H, SiMe); HRMS (FAB) calcd C50H6109Si (M+H+)
833.4085, obsd 833.4088.
Methyl ester 190 (minor): Rf 0.35 (20% ethyl acetate/hexane); FTIR (thin film,
cm-1) 3030, 2929, 2857, 1716 (v,,o), 1678, 1497, 1455, 1361, 1305, 1254, 1202, 1119,
1070, 1028, 912, 840, 781, 734, 698; IH NMR (300 MHz, CDC13) 8 7.39 (d, 1H, J =
3.7 Hz, vinyl), 7.38-7.12 (m, 20H, Ph), 5.04 (d, IH, J = 10.5 Hz, benzyl), 4.88-4.76
(m, 3H, benzyl), 4.65-4.54 (m, 3H, benzyl), 4.53 (d, 1H, J = 7.5 Hz, anomeric), 4.42
(d, 1H, J = 11.8 Hz, benzyl), 3.88-3.53 (m, 6H, glucose CH's), 3.52 (s, 3H, CO2Me),
3.09-3.05 (m, 1H), 2.90-2.85 (m, 1H), 2.28 (d, 1H, J = 5.0 Hz), 1.67 (s, 3H, allylic
Me), 0.93 (s, 9H, SiCMe 3), 0.10 (s, 6H, 2 X SiMe); HRMS (FAB) calcd C5 oH6109Si
(M+H+) 833.4085, obsd 833.4089.
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0  OMe O OMe
N 5% aq. HCI TB OBn
TBSO• /TBSO • ,0\ BnO. Bn THF, O OC no OH
4-0 OBn OBn
BnO
187, 188 (1.5 : 1) 183 191
two inseparable diastereomers MW 310.47 MW 540.66
MW 833.12 89% 94%
Ketone 183
Methyl esters 187 and 188 (14.4 mg, 0.0173 mmol) were dissolved in
tetrahydrofuran (2 mL) in a 10 mL round bottomed flask and cooled to 0 oC. 5% aqueous
hydrochloric acid (1 drop) was added, and the solution stirred 1.5 hours at 0 OC. The
mixture was then quenched by the addition of saturated aqueous sodium bicarbonate (3
mL), diluted with ether (2 mL), and poured into saturated aqueous sodium bicarbonate (40
mL), and extracted with ether (3 X 30 mL). Filtration of the organics over anhydrous
magnesium sulfate and purification by column chromatography (SiO 2, 7-20% ethyl
acetate/hexane) yielded ketone 183 (4.8 mg, 89%) and glycoside 191 (8.8 mg, 94%) as
colorless oils.
Ketone 183: Rf 0.49 (20% ethyl acetate/hexane); Spectral data on p. 151.
Glycoside 191: Rf 0.20 (20% ethyl acetate/hexane); 'H NMR (250 MHz,
CDC13) 8 7.50-7.12 (m, 20H, Ph), 4.96 (d, IH, J = 11.7 Hz), 4.93 (d, 1H, J = 11.2 Hz),
4.84 (d, 1H, J = 12.9 Hz), 4.82 (d, IH, J = 11.2 Hz), 4.64 (d, 1H, J = 12.2 Hz), 4.62
(d, 1H, J = 11.8 Hz), 4.56 (d, 1H, J = 12.2 Hz), 4.54 (d, 1H, J = 13.0 Hz), 4.36 (d, 1H,
J = 7.1 Hz), 3.79-3.42 (m, 6H, glucose), 2.31 (bs, 1H, OH).
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OBnn OBn
Bn o LDA, TBSOTf00BnO OTBS TIIF, -78 OC BnO OTBS
TBS
173 (49% recovered 173) 192a,b
MW 658.91 MW 773.18
28%
C-silated esters 192a,b
A solution of lithium diisopropylamide in tetrahydrofuran (1.00 M, 0.211 ml, 3.1
equiv) was added to tetrahydrofuran (1.5 mL) under argon in a 10 mL round-bottomed
flask and cooled to -78 OC. tert-butyldimethylsilyl trifluoromethanesulfonate (0.081 mL,
5.2 equiv.) was added over 2 minutes, followed by slow addition of a solution of ester
173 (44.6 mg, 0.0677 mmol) in tetrahydrofuran (1 mL) via cannula down the sides of the
flask. After washing with tetrahydrofuran (1 mL) the reaction was stirred 1 hour at -78 OC.
The reaction was then diluted with 10% ether/hexane (3 mL) and quenched at -78 OC by the
addition of saturated aqueous sodium bicarbonate (15 mL), followed by warming to 0 OC.
The mixture was poured into ice cold saturated aqueous sodium bicarbonate (30 mL) and
extracted with ether (3 X 25 mL). The combined organic extracts were filtered over
anhydrous magnesium sufate, rotary evaporated, and purified by column chromatography
(SiO2, 5-7% ethyl acetate/hexanes) to yield two C-silated esters, 192a (8.6 mg, 16%) and
192b (6.3 mg, 12%), as well as recovered ester 173 (22 mg, 49%) as colorless oils.
C-silated ester 192a: Rf 0.51 (20% ethyl acetate/hexane); 1H NMR (250 MHz,
CDC13) 8 7.37-7.16 (m, 12H), 7.10-6.98 (m, 3H), 4.94 (d, 1H, J = 7.5 Hz, anomeric),
4.89 (s, 2H), 4.73 (d, 1H, J = 10.8 Hz), 4.53-4.47 (m, 3H), 3.81 (dd, 1H, J = 8.4, 8.4
Hz), 3.72-3.48 (m, 5H), 2.78 (bs, 2H), 2.31 (dd, 1H, J = 3.5, 3.5 Hz), 1.68 (bs, 3H,
Me), 0.91 (s, 9H, SiCMe 3), 0.84 (s, 9H, SiCMe 3), 0.10 (s, 3H, SiMe), 0.08 (s, 6H,
SiMe X 2), -0.06 (s, 3H, SiMe).
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C-silated ester 192b: Rf 0.45 (20% ethyl acetate/hexane); 'H NMR (250 MHz,
CDC13) 8 7.40-7.18 (m, 12H), 7.13-7.03 (m, 3H), 4.96 (d, 1H, J = 7.5 Hz), 4.89 (s,
2H), 4.74 (d, 1H, J = 10.9 Hz), 4.57 (d, 1H, J = 12.0 Hz), 4.53 (d, 1H, J = 10.9 Hz),
4.48 (d, 1H, J = 11.9 Hz), 3.81 (dd, 1H, J = 7.7, 7.7 Hz), 3.73-3.47 (m, 5H), 2.92 (b
dd, 1H, J = 5.7, 17.7 Hz), 2.57 (bd, 1H, J = 17.7 Hz), 2.26 (d, 1H, J = 5.5.Hz), 1.67
(s, 3H), 0.91 (s, 9H, SiCMe 3), 0.85 (s, 9H, SiCMe 3), 0.11 (s, 3H, SiMe), 0.08 (s, 6H,
SiMe X 2), -0.04 (s, 3H, SiMe).
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OBn
BnOA0
BnO OTBS
173
MW 658.91
3.1 equiv. LDA
5.2 equiv. TBSOTf
TI F, -78 OC
(16% recovered 173)
O
OMe
toluene, 23 OC
30h
TBS -.
193, 194 (2.5 : 1)
R, R'= TBS, Gluc
MW 971.52
13%
OMe
+ TBSO
TBSO OBn
O
BnO181, 182 (3: 1)
two inseparable diastereomers
MW 857.25
29%
Methyl esters 181, 182, 193, and 194
A solution of lithium diisopropylamide in tetrahydrofuran (1.00 M, 0.247 ml, 3.1
equiv) was added to tetrahydrofuran (1.5 mL) under argon in a 10 mL round-bottomed
flask and cooled to -78 OC. Tert-butyldimethylsilyl trifluoromethanesulfonate (0.095 mL,
5.2 equiv.) was added over 2 minutes, followed by slow addition of a solution of ester
173 (52.2 mg, 0.0792 mmol) in tetrahydrofuran (1 mL) via cannula down the sides of the
flask. After washing with tetrahydrofuran (1 mL) the reaction was stirred 1 hour at -78 OC.
The reaction was then diluted with 10% ether/hexane (3 mL) and quenched at -78 OC by the
addition of saturated aqueous sodium bicarbonate (15 mL), followed by warming to 0 OC.
The mixture was poured into ice cold saturated aqueous sodium bicarbonate (30 mL) and
extracted first with 10% ether/hexane (1 X 20 mL) and then ether (2 X 25 mL). The
combined organic extracts were filtered over anhydrous magnesium sulfate (pre-wetted
with 2% triethylamine/hexane), rotary evaporated, and the crude product transferred to a 10
mL round-bottomed flask with 10% ether/hexane. Rotary evaporation, followed by
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pumping under vacuum (2 hours) afforded the crude diene mixture as a pale yellow oil
which was used without further purification.
The crude dienes were dissolved in toluene (2 mL) under argon, and methyl
propiolate (0.100 mL, 14 equiv.) was added by syringe. The reaction was stirred 30 hours
at room temperature, after which the volatiles were removed under vacuum. The crude
mixture was then purified by column chromatography (SiO2, 3-30% ethyl acetate/hexanes)
to yield two inseparable C-silated adducts 193 and 194 (10.0 mg, 13%), as well as two
inseparable Diels-Alder diastereomers, 181 and 182 (20.0 mg, 29%), and recovered ester
173 (8.1 mg, 16%) as colorless oils.
C-silated Methyl esters 193 and 194: Rf 0.54 (15% ethyl acetate/hexane);
FTIR (thin film, cm-1) 2928, 2856, 1721 (v,,), 1685, 1587, 1497, 1472, 1434, 1389,
1361, 1292, 1256, 1193, 1071, 1028, 910, 838, 780, 734, 697; tH NMR (300 MHz,
CDC1 3) 8 7.71 (d, 1H, J = 3.4 Hz, major), 7.64 (d, 1H, J = 3.5 Hz, minor), 7.38-7.21
(m, 12H, Ph), 7.11-7.02 (m, 3H, Ph), 4.91-4.45 (m, 7H, Bn + anomeric), 3.80-3.32 (m,
6H, glucose ring), 3.66 (s, 3H, CO 2Me), 3.30-3.27 (m, 1H, bridgehead), 2.43 (bs, 1H,
minor CHTBS), 2.33 (bs, 1H, major CHTBS), 1.78 (s, 3H, minor Me), 1.76 (s, 3H,
major Me), 0.96-0.87 (singlets, SiCMe3), 0.17-0.04 (singlets, SiMe); HRMS (FAB) calcd
C55H83O9Si3 (M+H +) 971.5345, obsd 971.5339.
Methyl esters 181 and 182 (major, 3:1 mixture): Rf 0.49 (15% ethyl
acetate/hexane); spectral data on p. 150.
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MW 658.91
1.1 equiv. LDA
2.5 equiv. TBSOTf
TIIF, 0OOC
(13% recovered 173)
O
OMe
toluene, 23 OC
30 h
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B nO OO
OTBS
180
tentative relative stereochcmistry
MW 857.25
12%
,OMe
TBS
- a- I
181, 182 (3 : 1) BnO
two inseparable diastereomers
MW 857.25
40%
Methyl esters 180, 181, and 182
A solution of lithium diisopropylamide in tetrahydrofuran (1.00 M, 0.174 ml, 1.1
equiv) was added to tetrahydrofuran (1.5 mL) under argon in a 10 mL round-bottomed
flask and cooled to -78 OC. A solution of ester 173 (104.0 mg, 0.158 mmol) in
tetrahydrofuran (1 mL) was added slowly via cannula down the sides of the flask. After
washing with tetrahydrofuran (1 mL) the reaction was stirred 1.5 hours at -78 OC. Tert-
butyldimethylsilyl trifluoromethanesulfonate (0.091 mL, 2.5 equiv.) was added by
syringe, and the reaction stirred 10 minutes at -78 OC. The reaction was then diluted with
10% ether/hexane (3 mL) and quenched at -78 OC by the addition of saturated aqueous
sodium bicarbonate (15 mL), followed by warming to 0 OC. The mixture was poured into
ice cold saturated aqueous sodium bicarbonate (30 mL) and extracted first with 10%
ether/hexane (1 X 20 mL) and then ether (2 X 25 mL). The combined organic extracts
were filtered over anhydrous magnesium sulfate (pre-wetted with 2%
triethylamine/hexane), rotary evaporated, and the crude product transferred to a 10 mL
round-bottomed flask with 10% ether/hexane. Rotary evaporation, followed by pumping
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rBSO OBn
~C~Y~LOBn
under vacuum (2 hours) afforded the crude diene mixture as a pale yellow oil which was
used without further purification.
The crude dienes were dissolved in toluene (2 mL) under argon, and methyl
propiolate (0.100 mL, 7 equiv.) was added by syringe. The reaction was stirred 30 hours
at room temperature, after which the volatiles were removed under vacuum. The crude
mixture was then purified by column chromatography (SiO 2, 3-30% ethyl acetate/hexanes)
to yield a single diastereomer 180 (16.9 mg, 12%), as well as two inseparable Diels-Alder
diastereomers, 181 and 182 (54.7 mg, 40%), and recovered ester 173 (13.6 mg, 13%)
as colorless oils.
Methyl ester 180: Rf 0.53 (15% ethyl acetate/hexane); spectral data on p. 150.
Methyl esters 181 and 182 (major, 3:1 mixture): Rf 0.49 (15% ethyl
acetate/hexane); spectral data on p. 150.
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OBn 0.8
BnO OO 1.5
BnO OTBS TIIF:
173
MW 658.91
O OMe
OBn
B 7 Ogr OTBS
OTBS
180
tentative relative stereochemistry
MW 857.25
22%
O
equiv. LDA ---
equiv. TBSOTf OMe
:, 0 oC toluene, 23 OC
30 h
OOMe
4. TBSOT S  \ TBSO OBn
BnOBn
181, 182 (3: 1) BnO
two inseparable diastereomers
MW 857.25
49%
Methyl esters 180, 181, and 182
TBS ester 173 (142.9 mg, 0.217 mmol) was dissolved in tetrahydrofuran (3 mL)
under argon in a 10 mL round-bottomed flask and cooled to -78 OC. Tert-
butyldimethylsilyl trifluoromethanesulfonate (0.075 mL, 1.5 equiv.) was added by
syringe, followed by a solution of lithium diisopropylamide in tetrahydrofuran (1.00 M,
0.174 ml, 0.8 equiv), added via cannula down the sides of the flask over 2 minutes. After
washing with tetrahydrofuran (0.5 mL) the reaction was stirred 10 minutes at -78 OC. The
reaction was then diluted with triethylamine (0.5 mL) and hexane (2 mL), poured into ice
cold saturated aqueous sodium bicarbonate (30 mL) and extracted first with 10%
ether/hexane (1 X 20 mL) and then ether (2 X 25 mL). The combined organic extracts
were filtered over anhydrous magnesium sulfate (pre-wetted with 2%
triethylamine/hexane), rotary evaporated, and the crude product transferred to a 10 mL
round-bottomed flask with 10% ether/hexane. Rotary evaporation, followed by pumping
under vacuum (2 hours) afforded the crude diene mixture as a pale yellow oil which was
used without further purification.
166
The crude dienes were dissolved in toluene (2 mL) under argon, and methyl
propiolate (0.100 mL, 5 equiv.) was added by syringe. The reaction was stirred 30 hours
at room temperature, after which the volatiles were removed under vacuum. The crude
mixture was then purified by column chromatography (SiO 2, 3-10% ethyl acetate/hexanes)
to yield a single diastereomer 180 (41.3 mg, 22%), as well as two inseparable Diels-Alder
diastereomers, 181 and 182 (92.0 mg, 49%) as colorless oils.
Methyl ester 180: Rf 0.53 (15% ethyl acetate/hexane); spectral data on p. 150.
Methyl esters 181 and 182 (major, 3:1 mixture): Rf 0.49 (15% ethyl
acetate/hexane); spectral data on p. 150.
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MW 658.91
O
0.8 equiv. LDA
1.0 equiv. TBSOTf OMe
THF, 0 OC toluene, 23 OC
30h
, OMe
+ TBSO
ýý;-5 OBn10 'mc ,O~
180
tentative relative stereochemis
MW 857.25
29%
181, 182 (3 :1) BnO
3try two inseparable diastereomers
MW 857.25
45%
Methyl esters 180, 181, and 182
A solution of lithium diisopropylamide in tetrahydrofuran (1.00 M, 0.129 ml, 0.8
equiv.) was added to tetrahydrofuran (3 mL) under argon in a 10 mL round-bottomed flask
and cooled to -78 oC. A solution of ester 173 (106.2 mg, 0.161 mmol) dissolved in
tetrahydrofuran (1 mL) was added via cannula down the sides of the flask, washed with
tetrahydrofuran (1 mL), and stirred 30 min at -78 OC. Tert-butyldimethylsilyl
trifluoromethanesulfonate (0.037 mL, 1.0 equiv.) was added by syringe and the reaction
was stirred 15 minutes at -78 OC. The reaction was then diluted with 10% ether/hexane (3
mL), quenched with saturated aqueous sodium bicarbonate (2 mL), poured into ice cold
saturated aqueous sodium bicarbonate (30 mL) and extracted first with 10% ether/hexane (1
X 20 mL) and then ether (2 X 25 mL). The combined organic extracts were filtered over
anhydrous magnesium sulfate (pre-wetted with 2% triethylamine/hexane), rotary
evaporated, and the crude product transferred to a 10 mL round-bottomed flask with 10%
ether/hexane. Rotary evaporation, followed by pumping under vacuum (2 hours) afforded
the crude diene mixture as a pale yellow oil which was used without further purification.
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The crude dienes were dissolved in toluene (2 mL) under argon, and methyl
propiolate (0.100 mL, 7 equiv.) was added by syringe. The reaction was stirred 30 hours
at room temperature, after which the volatiles were removed under vacuum. The crude
mixture was then purified by column chromatography (SiO2, 3-6% ethylacetate/hexanes) to
yield a single diastereomer 180(40.7 mg, 29%), as well as two inseparable Diels-Alder
diastereomers, 181 and 182 (62.3 mg, 45%%) as colorless oils.
Methyl ester 180: Rf 0.53 (15% ethyl acetate/hexane); spectral data on p. 150.
Methyl esters 181 and 182 (major, 3:1 mixture): Rf 0.49 (15% ethyl
acetate/hexane); spectral data on p. 150.
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